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Introduction

This thesis consists of four research articles that treat different aspects of Kummer
theory for commutative algebraic groups, with particular emphasis on explicit and
effective results. To understand the motivation behind the study of this topic and
what we are trying to achieve, we have to take a step back and see which aspects
of classical Kummer theory we are trying to generalize to algebraic groups.

Kummer theory

If n is a positive integer and K is a field of characteristic coprime to n we may
consider, for any non-zero @ € K, the set /a of all elements (8 in a fixed algebraic
closure K of K such that 3" = a. In other words, {/a is the set of all n-th roots
of a. Given any n-th root §y of «, all the others are of the form (3 for some n-th
root of unity ¢ € K, that is an element such that (" = 1. The field generated
over K by all n-th roots of « is a Galois extension of K which contains the n-th
cyclotomic field, that is the field generated over K by all n-th roots of unity.
This remains true if we replace a by a finitely generated subgroup A of the
multiplicative group K*, and we consider the set VA = {3 € K | f* € A}.
Roughly speaking, classical Kummer theory is the study of this kind of field
extensions.

The most classical result in Kummer theory is the classification of the abelian
extensions of exponent dividing n of a field K which contains all n-th roots of
unity and whose characteristic does not divide n. Indeed, a bijection between the
set of such extensions, contained in a fixed algebraic closure K, and the set of
subgroups of K* that contain (K )" is obtained by mapping L to K* N (L*)",
see for example [Lan02, Theorem VI.8.2].

Kummer theory has interesting applications in studying certain density prob-
lems: if « is a non-zero element of a number field K, then the density of primes
p of K such that the multiplicative order of o modulo p is coprime to some fixed
prime £, or has a prescribed ¢-adic valuation, can be expressed in terms of the de-
grees of the cyclotomic-Kummer extensions K ({on, /) for all n > 0, where (sm
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is a root of unity of order ¢". See [Perld] for the case we have just described and
[DPT6l [PS19] for a generalization to finite rank sugroups of K *. These problems
are closely related to Artin’s primitive root conjecture, as explained for example
in [Mor12].

Computing the degrees of infinitely many field extensions might seem an ar-
duous task. However, the following is known (for a direct proof, see [PS19)
Theorem 1.1]): if A is a subgroup of K* of finite rank r, then there is a constant
C > 0 such that for every positive integer n the ratio between n” and the degree
[K(¥/A) : K((,)] divides C. This result can be made effective, see [PST20al,
Theorem 1.2], and the results of [PST20b] provide, for the case K = Q, an al-
gorithm whose output is a finite formula for these degrees. This algorithm has
been implemented in SageMath, see [Trol9].

Algebraic groups

So far we have only discussed Kummer theory in the classical sense, but these
concepts can be generalized as follows. Let K be a field, say for simplicity of
characteristic zero, fix an algebraic closure K of K and let G' be a commutative
algebraic group over K. If S is a subset of G(K), the field extension of K
generated by S is the subfield of K obtained by adjoining to K the coordinates
of the points of S. More precisely, identifying every x in S with a morphism of
schemes spec K — spec K (z), we have a collection of morphisms K (z) — K as x
varies in S, and the compositum of the images of these morphisms is by definition
K(S).

Let now A C G(K) be a finitely generated subgroup. For any positive integer
n we may consider the subset n='A = {P € G(K) | nP € A}. Extensions of K
of the form K (n~1A) are the object of study of Kummer theory for commutative
algebraic groups. As one can see by taking G = G,,, the multiplicative group
over K, this theory is a direct generalization of classical Kummer theory. Even
in this generality, Kummer extensions have many of the interesting properties of
their classical counterparts. For example K(n~1A) is a Galois extension of K
that contains the n-torsion field of GG, that is the field extension of K generated
by all n-torsion points of G(K), and it is Galois and abelian over this field.
Torsion fields are the direct generalization of cyclotomic fields, and many results
on Kummer extensions can be deduced from properties of these fields.

If K is a number field, the density problem mentioned above can be stated
mutatis mutandis in this more general context, and it is still related to the de-
grees of Kummer extensions. See [Pin04] for a discussion in the case of abelian
varieties and [Per(8, [Per1] for the product of an abelian variety and a torus.
This motivates the study of the degrees of Kummer extensions in the general
context. In his foundational paper [Rib79], Ribet proved the following result: if



G is the product of an abelian variety and a torus and A C G(K) is a free Z-
module of rank r with a basis over Z of points linearly independent over End g (G),
there exists a positive integer C' such that the ratio between n™® and the degree
[K(n=1A) : K(G[n])] divides C for every positive integer n. Here s is the unique
positive integer such that G(K)[n] & (Z/nZ)* for every n > 1. See also [Ber88|
Théoreme 5.2] and [Hin88, Lemme 14]. The papers collected in this thesis are
devoted to making this result more effective, trying to express the constant C in
terms of known quantities related to the torsion fields of G.

Effective results for elliptic curves

The first two papers, written in collaboration with Lombardo, focus on the case
of elliptic curves. Assume that G is an elliptic curve over a number field K and
fix an algebraic closure K of K. Fix moreover a point o € G(K). In [JRI0] Jones
and Rouse proved that for every prime ¢, under some assumption on « and with a
small exception for the prime 2, the surjectivity of the ¢-adic Galois representation
associated with G implies the maximality of the Kummer extensions K(n'a)
over K(G[n]) if n is a power of £. See [JRI(O, Theorem 5.2] for the non-CM case
and [JRI0, Theorem 5.8] for the CM case. Two questions, suggested by Perucca,
arose: If the Galois representation is not surjective, can we describe, or at least
bound, the failure of maximality of the Kummer extensions in terms of the failure
of maximality of the Galois representations? Can these results be generalized to
the case where n is any positive integer?

The first paper presented here [Chapter [1] aims at answering these questions.
The main theorem [Chapter [I} Theorem 1.1] provides a positive answer, but only
under the assumption that Endx (G) = Z. This theorem is an effective version of
the classical result by Ribet in the case of a group G generated by a single point
«, and it shows that the constant C' mentioned above can be taken to depend
only on properties of the ¢-adic representations, for all the different primes /¢,
and other effectively computable quantities associated with G. Examples that
demonstrate the inapplicability of these methods to the CM case are provided
in [Chapter [I} Section 6]. The second main theorem [Chapter [I} Theorem 1.2]
shows that over the field Q there exists a uniform version of this result under
the assumption that the point « is not divisible in G(Q)/G(Q)sors — that is, that
there is no 8 € G(Q) such that o equals n3 + 7 for some integer n > 1 and some
TE G(Q)tors~

The goal of the second paper with Lombardo [Chapter [2] is to make the afore-
mentioned result [Chapter Theorem 1.2] explicit by finding an actual numerical
value for the constant C, see [Chapter [2} Theorem 6.5]. These results have been
achieved by giving uniform bounds to other interesting quantities related to the
Galois representations of G. A notable example of such a quantity are the ex-



ponents of the cohomology groups of Gal(Q(G(Q)tors) | Q) with coefficients in
the torsion subgroups of G, regarded as Galois modules. Bounds for similar
quantities have been found independently by Cerchia and Rouse [CR21].

A technical framework for general Kummer theory

Some of the explicit results mentioned above depend on properties of Galois
representations that are known in an effective form only for elliptic curves, but the
methods used to show that the degrees of Kummer extensions are related to these
quantities do not. In the third article reported here [Chapter|3] this is made clear
by conceptualizing the theoretical background in a framework that is applicable
to any commutative algebraic group over K that satisfies Endg (G) = Z. The
methods used in this work are inspired by results of Palenstijn [Pal04, [Pal14] and
by discussions with Lenstra and Stevenhagen. As an application, the results of
[Chapter |1] and [Chapter [2] are extended to groups A of rank higher than 1.

So far we have not yet successfully tackled the case when the endomorphism
ring of G is larger than Z, and it seems that our methods need a substantial
refinement to be applied in that case. In his thesis [JP21], Javan Peykar addresses
this problem in the case of elliptic curves with complex multiplication by taking
A C G(K) to be an Endg (G)-module, and considering the modules of “division
points” by a Steinitz ideal. Even if with some technical limitation, this method
is very successful.

Motivated by this approach, the last paper in this thesis [Chapter is mostly
devoted to the study of purely algebraic properties of division modules over gen-
eral rings. The Steinitz ideals used by Javan Peykar are replaced by ideal filters,
and a generalization of the classical notion of injectivity, which to the author’s
knowledge is new, is provided. A notion of (J,T')-extension, where J is a fixed
ideal filter and T" a suitable R-module, generalizes the modules of division points.
The properties of these objects are then studied with a category-theoretical point
of view before generalizing some results on their automorphism groups that have
appeared in the less general settings of [Pal04], [Pall4] and [JP21].

This long digression in commutative algebra bears in the end its fruits: the
theory so constructed, which generalizes that of [Chapter [3], is finally applied
to unify and generalize the results of [Chapter [I] and [JP21], showing that the
two apparently different approaches are actually just different realizations of a
more general theory. The degree of generality used in this paper opens the
door to applications to higher-dimensional abelian varieties and other classes of
commutative algebraic groups.



Samenvatting

Dit proefschrift bestaat uit vier onderzoeksartikelen die verschillende aspecten
van de Kummertheorie voor commutatieve algebraische groepen behandelen, met
bijzondere nadruk op expliciete en effectieve resultaten. Om de motivatie achter
de studie van dit onderwerp en onze doelen te begrijpen, moeten we een stap terug
doen en kijken welke aspecten van de klassiecke Kummertheorie we proberen te
generaliseren naar algebraische groepen.

Kummertheorie

Als n een positief geheel getal is en K een lichaam van karakteristiek copriem
met n, kunnen we voor elke a # 0 in K de verzameling {/a beschouwen van
alle elementen (3 in een vast gekozen algebraische afsluiting K van K zodanig
dat 8™ = a. Met andere woorden, {/« is de verzameling van alle n-de wortels
van «. Zij by een n-de wortel van «, dan hebben alle andere wortels de vorm
(fBy voor een n-de eenheidswortel ( € K, dat wil zeggen een element zodanig
dat (" = 1. Het lichaam voortgebracht over K door alle n-de wortels van « is
een Galoisuitbreiding van K die het n-de cyclotomische lichaam bevat, dat wil
zeggen het lichaam voortgebracht over K door alle n-de eenheidswortels. Dit
blijft waar als we a vervangen door een eindig voortgebrachte ondergroep A van
de multiplicatieve groep K*, en we de verzameling /A = { € K | " € A}
beschouwen. De klassieke Kummertheorie is grofweg de studie van dit soort
lichaamsuitbreidingen.

Het meest klassieke resultaat in de Kummertheorie is de classificatie van de
abelse uitbreidingen met exponent die n deelt van een lichaam K dat alle n-de
eenheidswortels bevat en waarvan de karakteristieck n niet deelt. Een bijectie
tussen de verzameling van dergelijke uitbreidingen, bevat in een vast gekozen
algebraische afsluiting K, en de verzameling ondergroepen van K* die (K*)"
bevatten, wordt namelijk verkregen door L te associéren met K* N (L*)™, zie
bijvoorbeeld [Lan02, Theorem VI.8.2].

De Kummertheorie heeft interessante toepassingen bij het bestuderen van
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bepaalde dichtheidsproblemen: als o # 0 een element is van een getallenlichaam
K, dan is de dichtheid van priemidealen p van K zodanig dat de multipli-
catieve orde van a modulo p copriem is met een vast priemgetal ¢, dan wel
een voorgeschreven f-adische valuatie heeft, kan worden uitgedrukt in termen
van de graden van de cyclotomische-Kummeruitbreidingen K ((n, /) voor alle
n > 0, waarbij (s» een eenheidswortel van orde ¢" is. Zie [Perl5] voor het zojuist
beschreven geval en [DP16, [PS19] voor een generalisatie naar ondergroepen van
eindige rang in K*. Deze problemen hangen nauw samen met het vermoeden
van Artin over primitieve wortels, zoals bijvoorbeeld uitgelegd in [Morl2].

Het berekenen van de graden van oneindig veel lichaamsuitbreidingen lijkt
misschien een zware taak. Het volgende is echter bekend (zie [PS19, Theorem 1.1]
voor een direct bewijs): als A een ondergroep van K* is van eindige rang r,
dan is er een constante C' > 0 zodanig dat voor elk positief geheel getal n de
verhouding tussen n” en de graad [K({/A) : K((,)] een deler is van C. Dit
resultaat kan effectief worden gemaakt, zie [PST20al Theorem 1.2], en voor het
geval K = Q verschaffen de resultaten van [PST20b] een algoritme waarvan de
output een eindige formule is voor deze graden. Dit algoritme is geimplementeerd
in SageMath, zie [Trol9].

Algebraische groepen

Tot nu toe hebben we Kummertheorie alleen in de klassieke zin besproken, maar
deze concepten kunnen als volgt worden veralgemeend. Zijn K een lichaam, zeg
voor de eenvoud van karakteristiek nul, K een algebraische afsluiting van K,
en GG een commutatieve algebraische groep over K. Als S een deelverzameling
van G(K) is, dan is de lichaamsuitbreiding van K voortgebracht door S het deel-
lichaam van K verkregen door aan K de codrdinaten van de punten van S toe
te voegen. Om precies te zijn: als we elke = in S identificeren met een morfisme
van schema’s spec K — spec K (z), dan hebben we een verzameling morfismen
K(z) — K als z varieert in S, en de samenstelling van de beelden van deze
morfismen is dan per definitie K(5).

Zij nu A C G(K) een eindig voortgebrachte ondergroep. Voor elk positief
geheel getal n kunnen we de deelverzameling n='A4 = {P € G(K) | nP € A}
beschouwen. Uitbreidingen van K van de vorm K(n~'A) zijn het onderwerp
van de studie van de Kummertheorie voor commutatieve algebraische groepen.
Zoals men kan zien door G = G, te nemen, waar G,, de multiplicatieve groep
over K is, is deze theorie een directe generalisatie van de klassieke Kummertheo-
rie. Zelfs in deze algemeenheid hebben Kummeruitbreidingen veel van de inter-
essante eigenschappen van hun klassieke tegenhangers. Bijvoorbeeld is K(n~!A)
een Galoisuitbreiding van K die het n-torsielichaam van G bevat, dat wil zeggen
de lichaamsuitbreiding van K voortgebracht door alle n-torsiepunten van G(K);



bovendien is het Galois en abels over dit lichaam. Torsielichamen zijn de directe
veralgemening van cyclotomische lichamen, en veel resultaten over Kummeruit-
breidingen kunnen worden afgeleid uit eigenschappen van deze lichamen.

Als K een getallenlichaam is, dan kan het bovengenoemde dichtheidsprobleem
mutatis mutandis in deze algemenere context worden geformuleerd, en is het nog
steeds gerelateerd aan de graden van Kummeruitbreidingen. Zie [Pin04] voor
een bespreking in het geval van abelse variéteiten en [Per(8, [Perll] voor het
product van een abelse variéteit en een torus. Dit motiveert de studie van de
graden van Kummeruitbreidingen in een algemene context. In zijn fundamentele
artikel |Rib79] bewees Ribet het volgende resultaat: als G het product is van
een abelse variéteit en een torus en A C G(K) een vrij Z-moduul van rang r
is, met een basis over Z van punten lineair onafhankelijk over Endg(G), dan
bestaat er een positief geheel getal C' zodanig dat de verhouding tussen n”° en
de graad [K(n~='A) : K(G[n])] een deler is van C voor elk positief geheel getal
n. Hier is s het unieke positieve gehele getal zodanig dat voor elke n > 1 geldt
G(K)[n] = (Z/nZ)*. Zie ook [Ber88, Théoreme 5.2] en [Hin88, Lemme 14].
De artikelen die in dit proefschrift zijn verzameld, zijn gewijd aan het effectiever
maken van dit resultaat, waarbij wordt geprobeerd de constante C' uit te drukken
in termen van bekende grootheden gerelateerd aan de torsielichamen van G.

Effectieve resultaten voor elliptische krommen

De eerste twee artikelen, geschreven in samenwerking met Lombardo, richten
zich op het geval van elliptische krommen. Zij G een elliptische kromme over een
getallenlichaam K, zij K een algebraische afsluiting van K, en zij a € G(K). In
[JRIO0] hebben Jones en Rouse bewezen dat voor elk priemgetal ¢, onder bepaalde
aannames over « en met een kleine uitzondering voor het priemgetal 2, de surjec-
tiviteit van de f-adische Galoisrepresentatie geassocieerd met G de maximaliteit
van de Kummeruitbreidingen K (n~'a) over K(G[n]) impliceert als n een macht
is van ¢. Zie [JR10, stelling 5.2] voor het niet-CM-geval en [JR10, stelling 5.8]
voor het CM-geval. In het licht hiervan formuleerde Perucca twee vragen: Als
de Galoisrepresentatie niet surjectief is, kunnen we dan het falen van de maxi-
maliteit van de Kummeruitbreidingen beschrijven, of op zijn minst begrenzen, in
termen van het falen van de maximaliteit van de Galoisrepresentaties? Kunnen
deze resultaten worden gegeneraliseerd naar het geval waarin n een positief geheel
getal is?

Het eerste artikel dat hier [Chapter [I] wordt gepresenteerd, is bedoeld om
deze vragen te beantwoorden. De hoofdstelling [Chapter [1, Theorem 1.1] geeft
een positief antwoord, maar alleen onder de aanname dat Endg (G) = Z. Deze
stelling is een effectieve versie van het klassieke resultaat van Ribet in het geval
van een groep G voortgebracht door een enkel punt «, en het laat zien dat de
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bovengenoemde constante C' alleen athangt van eigenschappen van de £-adische
representaties, voor alle priemgetallen ¢, en andere effectief berekenbare groothe-
den geassocieerd met G. Voorbeelden die de niet-toepasbaarheid van deze meth-
oden op het CM-geval aantonen, worden gegeven in [Chapter [I} Section 6]. De
tweede hoofdstelling [Chapter [1} Theorem 1.2] laat zien dat er over het lichaam
Q een uniforme versie van dit resultaat bestaat onder de aanname dat het punt «
niet deelbaar is in G(Q)/G(Q)1ors — dat wil zeggen dat er geen 5 € G(Q) bestaat
zodanig dat a geschreven kan worden als nf 4+ 7 voor een geheel getal n > 1 en
T E G(Q)tors~

Het doel van het tweede artikel met Lombardo [Chapter [2] is om het bovenge-
noemde resultaat [Chapter[1} Theorem 1.2] expliciet te maken door een werkelijke
numerieke waarde te vinden voor de constante C, zie [Chapter [2, Theorem 6.5
]. Deze resultaten zijn bereikt door uniforme grenzen te geven aan andere in-
teressante grootheden die verband houden met de Galoisrepresentaties van G.
Opmerkelijke voorbeelden van zulke grootheden zijn de exponenten van de co-
homologiegroepen van Gal(Q(G(Q)iors) | Q) met coéfficiénten in de torsieon-
dergroepen van G, beschouwd als Galoismodulen. Grenzen voor vergelijkbare
grootheden zijn onafthankelijk gevonden door Cerchia en Rouse [CR21].

Een technisch raamwerk voor de algemene Kum-
mertheorie

Sommige van de bovengenoemde expliciete resultaten zijn afhankelijk van eigen-
schappen van Galoisrepresentaties die alleen voor elliptische krommen in een
effectieve vorm bekend zijn. De methoden die worden gebruikt om aan te tonen
dat de graden van Kummeruitbreidingen gerelateerd zijn aan deze grootheden,
zijn hier echter onafhankelijk van. In het derde artikel dat in dit proefschrift
is opgenomen, wordt dit duidelijk gemaakt door de theoretische achtergrond te
conceptualiseren in een raamwerk dat van toepassing is op elke commutatieve
algebraische groep G over K die voldoet aan Endg(G) = Z. De methoden
die in dit werk worden gebruikt, zijn geinspireerd op resultaten van Palenstijn
[Pal04, [Pall4] en op gesprekken met Lenstra en Stevenhagen. Als toepassing
worden de resultaten van [Chapter [1] en [Chapter [2] uitgebreid naar groepen A
met een rang hoger dan 1.

Tot nu toe hebben we het geval waarin de endomorfismering van G groter
is dan Z nog niet met succes aangepakt, en het lijkt erop dat onze methoden
in dat geval een substantiéle verfijning nodig hebben. In zijn proefschrift [JP21]
gaat Javan Peykar in op dit probleem in het geval van elliptische krommen met
complexe vermenigvuldiging door A C G(K) te nemen als een End x (G)-moduul,
en de modulen van “delingspunten” door een Steinitzideaal te beschouwen. Zelfs
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met enige technische beperkingen is deze methode zeer succesvol.

Gemotiveerd door deze benadering is het laatste artikel in dit proefschrift
[Chapter 4] voornamelijk gewijd aan de studie van puur algebraische eigenschap-
pen van delingsmodulen over algemene ringen. De door Javan Peykar gebruikte
Steinitzidealen worden vervangen door ideaalfilters, en er wordt een veralge-
mening gegeven van het klassieke begrip injectiviteit, dat voor zover de auteur
weet nieuw is. Een notie van (J, T')-uitbreiding, waarbij J een vast ideaalfilter is en
T een geschikt R-moduul, generaliseert de modulen van delingspunten. De eigen-
schappen van deze objecten worden vervolgens bestudeerd vanuit een categori-
etheoretisch oogpunt, waarna enkele resultaten over hun automorfismegroepen
worden gegeneraliseerd die zijn verschenen in de minder algemene settings van
[Pal04], [Palld] en [JP21].

Deze lange uitweiding in de commutatieve algebra werpt uiteindelijk zijn
vruchten af: de zo geconstrueerde theorie, die die van [Chapter [3] generaliseert,
wordt uiteindelijk toegepast om de resultaten van [Chapter [1] en [JP21] te vereni-
gen en te veralgemenen, wat aantoont dat de twee schijnbaar verschillende be-
naderingen eigenlijk gewoon verschillende realisaties zijn van een algemenere the-
orie. De mate van algemeenheid die in dit artikel wordt gebruikt, opent de deur
naar toepassingen op hogerdimensionale abelse variéteiten en andere klassen van
commutatieve algebraische groepen.
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Chapter 1

Effective Kummer theory
for elliptic curves

by Davide Lombardo and Sebastiano Tronto [LT21d|

1 Introduction

1.1 Setting

Let E be an elliptic curve defined over a number field K (for which we fix an
algebraic closure K) and let o € E(K) be a point of infinite order. The purpose
of this paper is to study the extensions of K generated by the division points of
«; in order to formally introduce these extensions we need to set some notation.

Given a positive integer M, we denote by E[M] the group of M-torsion points
of E, that is, the set {P € E(K) : MP = 0} equipped with the group law
inherited from E. Moreover, we denote by Ky the M-th torsion field K(E[M])
of E, namely, the finite extension of K obtained by adjoining the coordinates of
all the M-torsion points of E. For each positive integer N dividing M, we let
N='a:={B € E(K)| N3 = a} denote the set of N-division points of o and set

Kyn = K(E[M],N"'a).

The field Ky n is called the (M, N)-Kummer extension of K (associated with «),
and both Kjs and Ky n are finite Galois extensions of K. It is a classical
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14 CHAPTER 1. KUMMER THEORY FOR ELLIPTIC CURVES

question to study the degree of Ky over Ky as M, N vary, see for example
[Ber88, Théoreme 1], [Hin88, Lemme 14], or Ribet’s foundational paper [Rib79].
In particular, it is known that there exists an integer C' = C(E/K, «), depending
only on E/K and «, such that

N2
[KM,N . KM]

for every pair of positive integers (M, N) with N | M. The aim of this paper is
to give an explicit version of this result, and to show that it can be made uniform
when the base field is K = Q. Our first result is that, under the assumption
Endg (F) = Z, the integer C' can be bounded (explicitly) in terms of the ¢-adic
Galois representations attached to E and of divisibility properties of the point «,
and that this statement becomes false if we remove the hypothesis Endg (F) = Z.
On the other hand, the assumption Endg (E) = Z is always satisfied when K = Q,
and we show that in this case C' can be taken to be independent of F and «,
provided that a and all its translates by torsion points are not divisible by any
n > 1 in the group F(Q). This is a rather surprising statement, especially
given that such a strong uniformity result is not known for the closely connected
problem of studying the degrees of the torsion fields K; over K.

divides C

1.2 Main results
Our main results are the following.

Theorem 1.1. Assume that Endg (F) = Z. There is an explicit constant C,
depending only on « and on the £-adic torsion representations associated to E
for all primes £, such that

N2
[KM,N . KM]
for all pairs of positive integers (M, N) with N dividing M.

divides C

The proof gives an explicit expression for C' that depends on computable
parameters associated with E and a. We also show that all these quantities can
be bounded effectively in terms of standard invariants of the elliptic curve and of
the height of «, see Remark

Theorem 1.2. There is a universal constant C > 0 with the following property.
Let E/Q be an elliptic curve, and let o € E(Q) be a point such that the class of
a in the free abelian group E(Q)/E(Q)tors is not divisible by any n > 1. Then

N2

——  divid C
[Qar,v : Qu] raes
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for all pairs of positive integers (M, N) with N dividing M.

The assumption on the divisibility of the point « is necessary: it is enough to
replace o with a multiple £o to gain an extra factor €2 in the ratio WQ(@N[] when
N is divisible by a sufficiently high power of ¢. However, one can remove this
assumption and obtain a bound that depends only on the largest integer n such
that « is n-divisible in F(Q)/E(Q)tors, but not on the curve, see Remark
Also observe that Theorems and immediately imply lower bounds of the
form [KM,N : K]\/[] 2 éN2

We remark that recent work by Cerchia and Rouse [CR21] also investigates
similar questions — in particular, the problem of uniformity — but only focuses
on a single f-adic representation at a time (equivalently: the case when M, N
are both powers of some fixed prime ¢), while our results cover the more general
adelic situation. In fact, the main difficulty in the present work stems from the
possible interactions between the ¢-power torsion fields for different primes ¢ (the
so-called entanglement phenomenon), and it is to handle this difficulty that we
need to introduce some new ideas in Section [/l These ideas allow us to reduce
the study of the cohomology of the Galois modules E[N] for general N to the
corresponding question for E[¢*], where £* | N this is nontrivial precisely because
there can be interactions between torsion fields related to different primes. Our
main cohomological result (Theorem [7.5)) can be stated as follows.

Theorem 1.3. There is a positive integer Cy such that, for every elliptic curve
E/Q, the ezponent of H(Gal(Q(E(Q)tors) | Q), E(Q)tors) divides Cy.

It is not hard to see that this statement would follow from a positive answer
to Serre’s well-known uniformity question concerning the Galois representations
attached to elliptic curves over Q (see e.g. [Ser72, §4.3]). In order to obtain
an unconditional proof we need to combine several ingredients: in addition to
some cohomological tools, including the inflation-restriction sequence, our proof
of this theorem relies on several deep results on the images of the modulo-¢ Galois
representations attached to elliptic curves, including the uniform boundedness of
isogenies for elliptic curves defined over Q (Theorem . The fact that similar
results are not known for general number fields is the main reason why at present
we cannot easily generalise Theorem to number fields other than Q.

1.3 Structure of the paper

We start with some necessary general preliminaries in Section [2] leading up to
a factorisation of the constant C' of Theorem as a product of certain con-
tributions which we dub the ¢-adic and adelic failures (corresponding to E, «,
and a fixed prime ¢). In the same section we also introduce some of the main
actors of this paper, in the form of several Galois representations associated with
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the torsion and Kummer extensions. In Section |3| we then recall some important
properties of the torsion representations that will be needed in the rest of the
paper. In Sections [4] and [5| we study the ¢-adic and adelic failures respectively.
In Section [6] we show that one cannot hope to naively generalise some of the
results in section [ to CM curves. Finally, in Section [7] we prove Theorem [T.2] by
establishing several auxiliary results about the Galois cohomology of the torsion
modules E[M] that might have an independent interest.

2 Preliminaries

2.1 Notation and definitions

The letter K will always denote a number field, E an elliptic curve defined over
K, and « a point of infinite order in E(K). For n a positive integer, we denote
by (, a primitive root of unity of order n. Given a prime ¢, we denote by vy
the usual ¢-adic valuation on @ and on Q. If X is a vector in Z} or a matrix
in Mat, xn(Z¢), we call valuation of X, denoted by v,(X), the minimum of the
{-adic valuations of its coefficients.

We shall often use divisibility conditions involving the symbols £°° (where ¢
is a prime) and co. Our convention is that every power of ¢ divides £*°, every
positive integer divides oo, and ¢*° divides co. Recall from the Introduction
that we denote by Kj; the field K(E[M]) generated by the coordinates of the
M-torsion points of E, and by Ky n (for N | M) the field K(E[M],N"'a).
We extend this notation by setting Ky~ = |J,, K¢n, Koo = Uy, K, and more
generally, for M, N € N5o U {{>, 00} with N | M,

Ky = U Kq, Kun= U U Kqe

dM dM eld
e|N

If H is a subgroup of GL2(Z,), we denote by Z,;[H| the sub-Zs-algebra of
Mato(Zy) topologically generated by the elements of H. Let G be a (profinite)
group. We write G’ for its derived subgroup, namely, the subgroup of G (topo-
logically) generated by commutators, and G* = G /G’ for its abelianisation,
namely, its largest abelian (profinite) quotient. We say that a finite simple group
S occurs in a profinite group G if there are closed subgroups Hy, Hy of G, with
Hy < Ho, such that Ho/H; is isomorphic to S. Finally, we denote by exp G the
exponent of a finite group G, namely, the smallest integer e > 1 such that g¢ =1
for every g € G.
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2.2 The /-adic and adelic failures

We start by observing that it is enough to restrict our attention to the case
N =M:
Remark 2.1. Suppose that there is a constant C' > 1 such that
M2
(K K
for all positive integers M. Then for any N | M, since K, @ Ky on] divides
(M/N)?, we have that

N2 N2[Kyn: Ky .. M?
= : : divides ————,
[Kan : Kl (K Kl (K K

which in turn divides C.

divides C

We now describe a decomposition of the ratio % into two arithmeti-
cally meaningful parts. Elementary field theory gives

N2 H f2ne
[KN,N : K] B £N [KN,Z"Z s K] N
¢ prime
B H (2ne . [Ke"zjw :K[n[] _
oIN [KE"Z,["@ : Kzne] [KN’EHZ : KN]
¢ prime
H 221’7,@ [K K K ]
= T .1 1 £me gm NKN I
(N [Kén"wf"‘ :wa] o ‘
¢ prime

where ny = vp(NN). To see why the first equality holds, recall that the degree
[Kngne : Kn] is a power of ¢, so the fields K ¢ne are linearly disjoint over Ky,
and clearly they generate all of Ky n.
Definition 2.2. Let ¢ be a prime and N a positive integer. Let n := vy(N). We
call
£2n

Ay(N) = ——
( ) [Kgn,en :Kgn]
the ¢-adic failure at N and
[Kén7én : Kgn]
[KN,Z?L . KN]

the adelic failure at N (related to ¢). Notice that both A,(N) and B,(N) are
powers of £.

Bg(N) = = [K@n,en ﬁKN : Kgn]
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Example 2.3. It is clear that the f-adic failure A;(N) can be nontrivial, that
is, different from 1. Suppose for example that o = ¢4 for some 5 € F(K): then
we have

K =Km (") = Kpn ("),

and the degree of this field over Ky is at most £2"~1) so £2 | A,(N). In Example
we will show that the ¢-adic failure can be non-trivial also when « is strongly
(-indivisible (see Definition [4.1]).

Example 2.4. We now show that the adelic failure By(N) can be non-trivial as
well. Consider the elliptic curve E over Q given by the equation

=2+ 2? — 44x — 84

and with Cremona label 6242 (see [LMF22 label 6242]). One can show that
E(Q) = Z @ (Z/2Z)?, so that the curve has full rational 2-torsion, and that
a generator of the free part of E(Q) is given by P = (=5,6). The 2-division
points of P are given by (1 + /=3, =3 + 7v/=3), (=11 + 3y/=3,27 + 15/=3),
and their Galois conjugates, so they are defined over Q({3) C Qs, and we have
By(6) := [Q22N Qs : Q2] = [Q(¢3) : Q] = 2. These computations have been
checked with SageMath [The].

2.3 The torsion, Kummer and arboreal representations

In this section we introduce three representations of the absolute Galois group
of K that will be our main tool for studying the extensions K n. For further
information about these representations see for example [JRI10, Section 3], [BP21],
and [LP21].

The torsion representation

Let N be a positive integer. The group E[N] of N-torsion points of F is a
free Z/NZ-module of rank 2. Since the multiplication-by-N map is defined over
K, the absolute Galois group of K acts Z/NZ-linearly on E[N], and we get a
homomorphism

7~ : Gal(K | K) — Aut(E[N]).

The field fixed by the kernel of 7 is exactly the N-th torsion field K. Thus,
after fixing a Z/NZ-basis of E[N], the Galois group Gal(Ky | K) is identified
with a subgroup of GL2(Z/NZ) which we denote by Hy.

As N varies, and provided that we have made compatible choices of bases,
these representations form a compatible projective system. We can therefore pass
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to the limit over the powers of a fixed prime number ¢ to obtain the £-adic torsion
representation Ty : Gal(K | K) — GLa(Zs). We can also take the limit over
all integers N (ordered by divisibility) to obtain the adelic torsion representation
Too @ Gal(K | K) — GLQ(Z). We denote by Hye (resp. Hs) the image of
Teso (resp. Teo). The group Hys (resp. Hy,) is isomorphic to Gal(Ky~ | K)
(resp. Gal(K | K)).

One can also pass to the limit on the torsion subgroups themselves, obtaining
the l-adic Tate module TyE = lim E[(™] = 77 and the adelic Tate module

TE =lim  E[M]=7? =[], 7},

The Kummer representation

Let M and N be positive integers with N | M. Let 3 € E(K) be a point such
that N3 = a. For any o € Gal(K | Kjr) we have that o(8) — 3 is an N-torsion
point, so the following map is well-defined:

KN Gal(F|KM) — E[N}
o — o(8) - B,

Since any other N-division point 3’ of « satisfies 8/ = S + T for some T €
E[N], and the coordinates of T" belong to Ky C K, the map sy does not
depend on the choice of 8. It is also immediate to check that xy is a group
homomorphism, and that the field fixed by its kernel is exactly the (M, N)-
Kummer extension of K. Fixing a basis of F[N] we can identify the Galois group
Gal(Ky N | Kar) with a subgroup of (Z/NZ)?. 1t is then clear that Ky n is
an abelian extension of Kj; of degree dividing N2, and the Galois group of this
extension has exponent dividing N. In the special case M = N we denote by Vi
the image of Gal (Ky v | Kn) in (Z/NZ)%.

By passing to the limit in the previous constructions we also obtain the fol-
lowing:

(i) There is an f-adic Kummer representation = : Gal(K | Ky~) — T,F
which factors via a map Gal(Kye g | Kyoo) = Ty E (still denoted by ke ).

(ii) The image Vi of ke is a sub-Zy-module of Ty E = Z%, and it is isomorphic
to Gal(Kyeo g | Ky ) as a profinite group. We therefore identify the Galois
group Gal(Kyoo goo | Kyoo) with Vieo.

(iii) We can identify the Galois group Gal(K o s | Koo) with a Zg-submodule
Wieo of Vo (hence also of Ty FE) via the representation ke .

(iv) We can identify the Galois group Gal(Keo 0o | Koo) with a sub-Z-module
We of TE = 72
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Notice that Wy~ is the projection of W, in Z?, and since Wy~ is a pro-£
group and there are no nontrivial continuous morphisms from a pro-£ group to a
pro-¢' group for ¢ # ¢ we have W =[], Wee.

The arboreal representation

Fix a sequence {f3;}ien of points in E(K) such that $; = « and NSy = Ba/n
for all pairs of positive integers (N, M) with N | M. For every N > 1 fix
furthermore a Z/NZ-basis {T}N, T2} of E[N] in such a way that NTM = TlM/N
and NTM = TQM/N for every pair of positive integers (N, M) with N | M. For
every N > 1, the map

wy : Gal(Ky n | K) = (Z/NZ)? x GLy (Z/NZ)

o (o(BN) — By, TN (0))

is an injective homomorphism (similarly to [JR10, Proposition 3.1]) and thus
identifies the group Gal(Ky n | K) with a subgroup of (Z/NZ)* x GLy (Z/NZ).

It will be important for our applications to notice that V comes equipped
with an action of Hy coming from the fact that Vi is the (abelian) kernel of the
natural map Gal(Ky n | K) = Hy. More precisely, the action of h € Hy on
v € Vy is given by conjugating the element (v,Id) € (Z/NZ)? x GLo(Z/NZ) by
(0, h). Explicitly, we have

(0, h)(v,1d)(0,h) " = (hwv, h)(0, ™) = (hv,1d),

so that the action of Hy on Vi is induced by the natural action of GL2(Z/NZ)
on (Z/NZ)2. We obtain similar statements by suitably passing to the limit in N:

Lemma 2.5. For every positive integer N, the group Vi is an Hy-submodule
of (Z/NZ)? for the natural action of Hy < GlLo(Z/NZ) on Vy < (Z/NZ)2.
Similarly, both Vi and Wy are Hy-modules.

Remark 2.6. Let N €e NU{¢*>°} and M € NU {{*°, 00} with N | M. Then the
group Gal(Ky n | Kar) can be identified with a subgroup of Vy: this follows
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from inspection of the diagram

which shows that Gal(Ky n | Kar) is isomorphic to Gal(Ky n | Km N Ky N),
which in turn is clearly a subgroup of Gal(Ky n | Kn) = V.

2.4 Curves with complex multiplication

If End(E) # Z we say that E has complex multiplication, or CM for short. In
this case Endy(E) is an order in an imaginary quadratic field, called the CM-field
of E. The torsion representations in the CM case have been studied for example
in [Deub3] and [Deu58]. In this case, the image of the torsion representation 7y
is closely related to the Cartan subgroup of GLa(Zy) corresponding to Endg(FE),
defined as follows:

Definition 2.7. Let F' be a reduced Qg-algebra of degree 2 and let A; be a
Zg¢-order in F'. The Cartan subgroup corresponding to A, is the group of units
of Ay, which we embed in GLy(Z,) by fixing a Z,-basis of Ay and considering
the left multiplication action of A). If A is an order in an imaginary quadratic
number field, the Cartan subgroup of GLy(Z,) corresponding to A is defined by
taking Ay = A ® Z; in the above.

More precisely, when E/K is an elliptic curve with CM, the image of the ¢-
adic torsion representation 7y is always contained (up to conjugacy in GLa(Zy))
in the normaliser of the Cartan subgroup corresponding to Endy(FE), and is
contained in the Cartan subgroup itself if and only if the complex multiplication
is defined over the base field K.

In order to have a practical representation of Cartan subgroups, we recall the
following definition from [LP17]:
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Definition 2.8. Let C be a Cartan subgroup of GLa(Z). We say that (v, d) € Z2
are parameters for C if C' is conjugated in GLo(Z,) to the subgroup

Yy T+y
Parameters for C' always exist, see [LP17, §2.3].

Remark 2.9 (([LP17, Remark 9])). One may always assume that -, are inte-
gers. Furthermore, one can always take v € {0,1}, and v = 0 if £ # 2.

We also recall the following explicit description of the normaliser of a Cartan
subgroup [LP17, Lemma 14]:

Lemma 2.10. A Cartan subgroup has index 2 in its normaliser. If C is as in
(2.1), its normaliser N in GLa(Zy) is the disjoint union of C and

R & T .
ool )

3 Properties of the torsion representation

Torsion representations are studied extensively in the literature; we have in par-
ticular the following fundamental theorem of Serre [Ser72], which applies to all
elliptic curves (defined over number fields) without complex multiplication:

Theorem 3.1 (Serre). If End(E) = Z, then Hy is open in GLy(Z). Equiva-
lently, the index of Hy in GL2(Z/NZ) is bounded independently of N.

There is also a CM analogue of Theorem which is more easily stated by
introducing the following definition:

Definition 3.2. Let E/K be an elliptic curve and ¢ be a prime number. We
say that the image of the ¢-adic representation is mazimal if one of the following
holds:

(i) E does not have CM over K and Hye = GLg(Zy).

(ii) E has CM over K by an order A in the imaginary quadratic field F, the
prime ¢ is unramified in F and does not divide [Of : A], and Hy is
conjugated to the Cartan subgroup of GLy(Z¢) corresponding to .A.

(iii) E has CM over K (but not over K) by an order A in the imaginary quadratic
field F, the prime ¢ is unramified in F' and does not divide [Of : AJ, and
Hys is conjugated to the normaliser of the Cartan subgroup of GL2(Zy)
corresponding to A.
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Theorem 3.3 ([Ser72, Corollaire on p. 302]). Let E/K be an elliptic curve ad-
mitting CM over K. Then the (-adic representation attached to E/K is maximal
for all but finitely many primes £.

In the rest of this section we recall various important properties of the tor-
sion representations: we shall need results that describe both the asymptotic
behaviour of the mod ¢™ torsion representation as n — oo ( and and the
possible images of the mod ¢ representations attached to elliptic curves defined
over the rationals (§3.3]).

3.1 Maximal growth

We recall some results on the growth of the torsion extensions from [LP21] §2.3].

Proposition 3.4. Let ¢ be a prime number. Let 6 = 2 if E has complex multi-
plication and § = 4 otherwise. There exists a positive integer ng such that

HHypnir [#Hpn = 00 for every n = ny.

Proof. This follows from Theorem in the non-CM case and from classical
results in the CM case. See also [LP21, Lemma 10 and Remark 13] for a more
general result. O

Definition 3.5. We call an integer ny as in Proposition [3.4] a parameter of
mazximal growth for the (-adic torsion representation. We say that it is minimal
if np — 1 is not a parameter of maximal growth; when ¢ = 2, we require that the
minimal parameter be at least 2.

Remark 3.6. In the non-CM case we can give an equivalent definition of ng
as follows. Consider the fundamental system of open neighbourhoods of Id in
GL2(Z,) given by the normal subgroups

<o CId + " Maty(Zg) C -+ C 1d + £ Mato(Ze) C Id + £ Mata(Ze) € GLa(Zy).

If E does not have CM over K, Theorem implies that Hy~ has finite index
in GL2(Z;), so it must contain a subgroup of the form I + ¢™ Matg(Z,). Then it
is easy to see that n, is the minimal such positive integer n. One can also give
similar, but more complicated, characterisations of ny in the CM case using the
structure of the Cartan subgroup associated with the ¢-adic Galois representation
attached to E/K.

Remark 3.7. The assumption ny > 2 when ¢ = 2 is needed to apply [LP21]
Theorem 12].
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Remark 3.8. Given an explicit elliptic curve E/K and a prime ¢, the prob-
lem of determining the optimal value of ny can be solved effectively (see [LP21],
Remark 13]). However, computing n, can be challenging in practice, because
the naive algorithm requires the determination of the Galois groups of the split-
ting fields of several large-degree polynomials. The situation is usually better
for smaller primes ¢, and especially for ¢ = 2, for which the 2-torsion tower is
known essentially explicitly (see [RZB15] for a complete classification result when
K = Q, and [Yel15] for a description of the 2-torsion tower of a given elliptic curve
over a number field).

The following lemma, originally due to Serre, is very close in spirit to Propo-
sition [3.4] and gives some control on the growth of the image of the ¢-adic repre-
sentation when the residual mod-¢ representation is surjective:

Lemma 3.9 (Serre, [Ser97, IV-23, Lemma 3]). Let £ > 5 be a prime and let
G C SLy(Z/E*Z) be a subgroup. Let w : SLo(Z/C*7) — SLo(Z/7Z) be the reduc-
tion homomorphism and suppose that w(G) = SLa(Z/VZ): then G = SLo(Z/E*7).

In Section[5] we will need to bound the minimal parameter of maximal growth
for the f-adic torsion representation defined over certain extensions of the base
field. We will do so with the help of the following Lemma:

Lemma 3.10. Let K be a finite extension of K. Let ny (resp. nig) be the minimal
parameter of mazximal growth for the (-adic torsion representation attached to
E/K (resp. E/K). Then g < ng+ve([K : KJ).

Proof. Let ng :=ny + v([K : K]) 4+ 1 and consider the following diagram:

Keno

/

Kg"e K@”’O

AN
5/ \
/TN

=

Kyne

N

K N Kypne
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Since clearly [f(gng N Kyno = Kone| dividesj[@w : Kyne], which in turn divides
[K : K], and since [Kno : Kpme] = [Kgno : Kgne N Kyno|, we have

e ([Kemo = Kene]) = v ([Kmo + Kene 0 Keno] ) + v ([Rene 0 Kna + Kone])
< ve ([Rena + Kone]) +ve (IR 2 K])
By [LP21l Theorem 12] we have
ve ([Kgmo : Kgne]) = 6(ng —my) =6 (w ([f( : K]) + 1) ,
where § is as in Proposition and we get
ve ([mno : f(m]) >4 (6 1) ([R : K]) > (6 — 1)(no — ne).

Consider now the tower of extensions wi C IE'EWH C ... C K[ﬂo and notice
that by the pigeonhole principle for at least one n € {ne,me+1,...,n9— 1} we
must have [Kyn+1 : Kyn] > 6. But then by [LP21, Theorem 12] we have maximal

growth over K from n < ng. Thus we get 7y < ng +vg ([K' : K]) as claimed. O

3.2 Uniform growth of /-adic representations

The results in this subsection and the next will be needed in Section[7l We start
by recalling the following result, due to Arai:

Theorem 3.11 ([Ara08, Theorem 1.2]). Let K be a number field and let £ be a
prime. Then there exists an integer n > 0, depending only on K and ¢, such that
for any elliptic curve E over K with no complex multiplication over K we have

7 (Gal(K | K)) 2 {M € GLy(Z;) : M =1d (mod ™)}.

For the next result we shall need a well-known Lemma about twists of elliptic
curves:

Lemma 3.12. Let Ey, Es be elliptic curves over K such that (Ey )@ 1s isomorphic
to (Eg)@. There is an extension F' of K, of degree dividing 12, such that E1 and
FE5 become isomorphic over F.

Proof. Fixing a Q-isomorphism between 1 By and Es allows us to attach to Ep a
class in the cohomology group H'! (Gal(K | K), Aut(El)). Since

H' (Gal(K | K),Aut(E,)) = K™ /K*"
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for some n € {2,4,6} (see [Sil09, Proposition X.5.4]), the class of Ey corresponds
to the class of a certain [a] € K*/K*". Letting F = K({/«), whose degree over
K divides 12, it is clear that [a] € F*/F*™ is trivial, so the same is true for
[Es] € HY(Gal(F | F), Aut(Ey)), which means that Fy is isomorphic to E; over
F' as desired. O

Corollary 3.13. Let K be a number field and ¢ be a prime number. There
exists an integer ny with the following property: for every elliptic curve E/K, the
minimal parameter of maximal growth for the f-adic representation attached to
FE is at most ny.

Proof. Let n be the integer whose existence is guaranteed by Theorem [3.11
By the general theory of CM elliptic curves, we know that there are finitely
many values ji,...,jr € Q such that for every CM elliptic curve E/K we have
J(E) € {j1,...,Jk} For each such j;, fix an elliptic curve E;/K with j(E;) = j;.
To every E;/K corresponds a minimal parameter of maximal growth for the ¢-
adic representation that we call m;. Let n, = max{n,m; + 2 ‘ i=1,...,k}:
we claim that this value of n, satisfies the conclusion of the Corollary. Indeed,
let E/K be any elliptic curve. If E does not have CM, the minimal parameter
of maximal growth for its f-adic representation is at most n < ny. If E has
CM, then there exists ¢ such that j(E) = j; = j(E;), so E is a twist of E;. By
Lemma the curves E' and E; become isomorphic over an extension F'/K of
degree dividing 12, so if m (resp. m, resp. m;) denotes the minimal parameter of
maximal growth for E/K (resp. for E/F, resp. for E;/F) we have

m<m=m; <m;+2< ny,

where the equality follows from the fact that F and E; are isomorphic over F,
while the inequality m; < m; + 2 follows from Lemma [3.10| combined with the
fact that we have vo([F : K]) < v¢(12) < 2 for every prime /. O

3.3 Possible images of mod ¢ representations

We recall several results concerning the images of the mod ¢ representations at-
tached to elliptic curves over Q. We begin with a famous Theorem of Mazur, to
state which we let

To := {p prime |p <17} U{37}.

Theorem 3.14 ([MGT78, Theorem 1]). Let E/Q be an elliptic curve and assume
that E has a Q-rational subgroup of order p. Then p € To U {19,43,67,163}. If
E does not have CM over Q, then p € Ty.

We then recall the following result of Zywina, which builds upon previous
work of Serre, Mazur [MGT§|, Bilu-Parent [BP1I], and Bilu-Parent-Rebolledo
[BPR13]:
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Theorem 3.15 ([Zyw15a, Proposition 1.13]). Let E/Q be a non-CM elliptic
curve and p & To be a prime. Let Cys(p) be the subgroup of GLo(Fp) consisting of

all matrices of the form (Z bae) with (a,b) € F2\ {(0,0)} and € a fived element
of F) \IFPXQ. Then H, is conjugate to one of the following:

(i) GLa(Fy);

(ii) the normaliser Nyps(p) of Cns(p);

(iii) the index 3 subgroup

D)= (e lae Cutp} U { () a*lac )}

of Nus(p)-
Moreover, the last case can only occur if p=2 (mod 3).

Corollary 3.16. Let E/Q be a non-CM elliptic curve and p & To be a prime.
The following hold:

(1) The image Hy, of the modulo-p representation attached to E contains

(Md [ A eF)).

(2) Suppose H, # GL3(F,) and let g, € GLo(F,) be an element that nor-
malises H,. Then there is h € GLa(F,) such that h=lg,h € Nys(p) and
h='H,h C Nus(p).

Proof. (1) We apply Theorem If H, is either GLy(F,) or conjugate to
Nys(p), the conclusion follows trivially, since Cys(p) contains all scalars. In
case (iii) of Theorem H,, contains the cubes of the scalars, hence all
scalars since p = 2 (mod 3).

(2) We only have to consider cases (ii) and (iii) of Theorem Up to conjuga-
tion, we may assume that H, C N,s(p) and the claim becomes g, € Nys(p).

In case (ii) it suffices to check that the normaliser of Nys(p) is Nps(p) it-
self. This holds because Cys(p), being the only cyclic subgroup of index 2 of
Nyus(p), is characteristic in Ny5(p); hence any element that normalises Nys(p)
normalises Cps(p) as well, so it must be in Nys(p). In case (iii), one similarly
sees that {a® | a € Cps(p)} is characteristic in D(p) and that its normaliser
is Nys(p), and the conclusion follows as above.

O
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Lemma 3.17. Let £ be a prime number and let H be a closed subgroup of
GL2(Z¢). Denote by Hy the reduction of H modulo £ and suppose that Hy con-
tains a scalar matriz N1d. Then H contains a scalar matriz X1d for some X € 7]

with A = X (mod /).

Proof. Let h € H be any element that is congruent modulo ¢ to AId. Let A € 7
be the Teichmiiller lift of X (that is, A* = A and A = A (mod ¢)) and write h =
Ah1, where hy = Id4+¢A for some A € Maty(Zs). The sequence e =\ h‘fn =
ARY" converges to AId, because for every n we have kY = (Id+£A)" = 1d
(mod ¢™). As H is closed, the limit of this sequence, namely AId, also belongs
to H as claimed. O

We conclude this section with a group-theoretic lemma. Recall from Section 2]
that we say that a finite simple group S occurs in G if S is isomorphic to a quotient
of a subgroup of G.

Lemma 3.18 (Serre, [Ser97, IV-25]). Let p be a prime and let H be a subgroup
of GL2(F,). Let S be a non-abelian simple group that occurs in H. Then S
is isomorphic either to As or to PSLyo(F),); the latter case is only possible if H
contains SLa(Fp).

4 The /-adic failure

The aim of this section is to study the ¢-adic failure Ay(N) for a fixed prime £.
The divisibility properties of « in the group E(K) play a crucial role in the study
of this quantity, so we begin with the following definition:

Definition 4.1. Let o € E(K) and let n be a positive integer. We say that «
is n-indivisible over K if there is no f € E(K) such that nf = «; otherwise we
say that « is n-divisible or divisible by n over K. Let £ be a prime number. We
say that « is strongly (-indivisible over K if the point o + T is f-indivisible over
K for every torsion point T' € FE(K) of ¢-power order. Finally, we say that « is
strongly indivisible over K if its image in the free abelian group E(K)/E(K )tors
is not divisible by any n > 1, or equivalently if « is strongly ¢-indivisible over K
for every prime /.

Our aim is to give an analogue of the following result, which bounds the
index of the image of the Kummer representation, in those cases when the torsion
representation is not surjective.

Theorem 4.2 (Jones-Rouse, [JRI0, Theorem 5.2]). Assume that the (-adic tor-
sion representation Ty : Gal(Kyo | K) — GLa(Zy) is surjective. Assume that o
is L-indivisible in E(K) and, if £ = 2, assume that Ky o € K4. Then the (-adic
Kummer representation rigs : Gal(K oo goo | Kyoo) — 73 is surjective.
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4.1 An exact sequence

We shall need to understand the divisibility properties of « not only over the
base field K, but also over the division fields of E. Thus we turn to studying
how the divisibility of the point a by powers of ¢ changes when passing to a field
extension. Our main tool will be the following Lemma.

Lemma 4.3. Let L be a finite Galois extension of K with Galois group G. For
every m = 1 there is an exact sequence of abelian groups

0 — mE(K) — BE(K)NmE(L) — H (G, Elm](L)),
where the injective map on the left is the natural inclusion.

Proof. Consider the short exact sequence of G-modules

[m]

0— E[m](L) — E(L) — mE(L) = 0
and the beginning of the long exact sequence in cohomology,
0= (B[m](L) = (B(L))® = (mB(L))® — H'(G, E[m](L)).
Noticing that
(Em)(L))® = Elm|(K), (B(L))® = B(K), (mE(L))® = E(K) N mE(L)
and that
E(K)/E[m](K) = mB(K)
the lemma follows. O

The quotient (E(K)NmE(L))/mE(K) gives a measure of “how many” K-
points of E are m-divisible in E(L) but not m-divisible in E(K). We shall
often use this Lemma in the special case of m = £" being a power of ¢: in this
context, the quotient (E(K)N¢"E(L)) /¢"E(K) is a subgroup of E(K)/¢("E(K),
so its exponent divides £*. We conclude that if £ #H' (G, E[¢("](L)) then no /-
indivisible K-point of E can become ¢-divisible in E(L). This applies in particular
when ¢ 1 #G, see [NSW13, Proposition 1.6.2].

4.2 Divisibility in the /-torsion field

As an example, we investigate the situation of Lemma [4.3] with m = ¢ and
L = Ky. In this case the exact sequence becomes

0 — (E(K) — BE(K)N(E(K,) — H'(Hy, E[f)).

The following Lemma can also be found in [LW15] Section 3].
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Lemma 4.4. The cohomology group H(Hy, E[f]) is either trivial or cyclic of
order £. When £ = 2 it is always trivial.

Proof. Since (E[¢] = 0, we have (H'(H,, E[¢]) = 0. It follows from [Ser13, Theo-
rem IX.4] that we have an injective map H'(Hy, E[f]) — H' (S, E[(]), where Sy is
an (-Sylow subgroup of Hy. This is either trivial, in which case H'(H,, E[{]) = 0,
or cyclic of order £. In the latter case, up to a change of basis for E[¢] we can

assume that Sy is generated by o = (1) 1 One can conclude the proof
by explicitly computing the cohomology of the cyclic group (o) as in [LW15]
Lemma 7]. O

In [LW15] the authors classify the cases when H'(Hy, E[f]) # 0 for K = Q and
they give rather complete results in case K is a number field with K NQ(¢,) = Q.
In particular, it turns out that, for K = Q, the group H'(Hy, E[¢]) can be non-
trivial only when ¢ = 3,5,11, and only when additional conditions are satisfied
(see [LWT5, Theorem 1]).

The next Example shows that for K = Q a point in F(Q) that is strongly
3-indivisible may become 3-divisible over the 3-torsion field.

Example 4.5. Consider the elliptic curve E over Q given by the equation
>4y =2’ — 2162 — 1861

with Cremona label 17739gl (see [LME22| label 17739gl]). We have E(Q) =
7 ® Z/3Z, with a generator of the free part given by P = (2%39, 35820908053)7 which
is therefore a strongly 3-indivisible point. Since the Q-isogeny class of F consists
of exactly two curves, by [LW15, Theorem 1] we have H'(Hs, E[3]) = Z/3Z. The
3-torsion field is given by Q(z), where z is any root of 2° + 3. Over this field the

point

803 , 416 , 507 89133 , 199071 , 95323
Q=|—2"——2"+ —, z7 - z° -
400 400 400" 8000 8000 8000

is such that 3Q = P.

A computer search performed with the help of the LMFDB [LME22] and of
Pari/GP [Thel9] shows that there are only 20 elliptic curves with conductor less
than 4 x 10° satisfying this property for £ = 3, none of which has conductor less
than 17739.

) € B@e)

4.3 Divisibility in the /-adic torsion tower

As we have seen in the previous Section, the ¢-divisibility of a point can increase
when we move along the f-adic torsion field tower. We would now like to give a
bound on the extent of this phenomenon.


http://www.lmfdb.org/EllipticCurve/Q/17739g1/
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Our purpose in this section is to prove Proposition m (essentially an appli-
cation of Sah’s lemma, see [Sah68, Proposition 2.7(b)] and [BR0O3, Lemma A.2)),
which will allow us to give such a bound in terms of the image of the torsion
representation.

Lemma 4.6. Let L be a finite Galois extension of K containing Ky and let
G = Gal(L|K). Assume that (*H'(G,E[¢("]) = 0. If a € E(K) is strongly
(-indivisible in E(K), then « is not £*T1-divisible in E(L).

Proof. Applying Lemma with M = ¢+ we see that the quotient

E(K) N1 E(L)
(F1E(K)

embeds in H'(G, E[¢"]), so it is killed by ¢*. It follows that ¢* (E(K) N ¢*T1E(L))
is contained in £¥+! E(K). Assuming by contradiction that o € (**'E(L) we get
ko = (FH13 for some B € E(K). But then T = {8 — a € E[(*](K) is such that
a+T € ({E(K), contradicting our assumption that « is strongly ¢-indivisible. [

Lemma 4.7. Assume that for some ng > 1 we have (14+€")1Id € Hyn (if n < ng
the condition is automatically satisfied). Then the exponent of H'(Hn, E[(*])
divides £ for every k < n.

Proof. Let A = (1 +/¢™)1d and let ¢ : Hpn — E[(*] be a cocycle. Using that A
is central in Hyn and that ¢ is a cocycle, for any g € Hy» we have
9p(N) +¢(9) = (9A) = ¢(Ag) = Ap(g) + @ (N),

"p(g) = (A= 1p(g) = gp(A) — p(N),

that is, £"0¢ is a coboundary. This proves that £ H'(Hy., E[¢(*]) = 0 as claimed.
O

Lemma 4.8. Assume that E does not have complex multiplication and let ng > 1
be a parameter of mazximal growth for the £-adic torsion representation. Then for
every n = ny and for every g € Mato(Zy) we have that (Id 4+ €™ g) mod £™ is an
element of Hyn .

Proof. We prove this by induction. For n = n, the statement is trivial, so
suppose (Id+£™g) mod ¢" belongs to Hy» for some n > ny. Since the map
Hyni1v — Hyn is surjective we can lift this element to an element of the form
Id +0™tg + £™g" € Hpntr, where g’ € Mato(Fy). Since

ker(Hyn+1 — Hgn) = {Id +0"h | h e MatQ(Fg)}
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we have that Id —¢"¢’ is in Hyn+1, hence Hynt1 contains the product
(Id —"g")YAd +£™g + £"g') = (Id +£"g)  (mod £"T1),

where we use the fact that £2"(g')? = ("t g'g = 0 since we are working mod-
ulo ¢"+1, O

In the special case g = Id, the same result also holds for elliptic curves with
complex multiplication:

Lemma 4.9. Let E be an arbitrary elliptic curve and let ng > 1 be a parameter
of mazximal growth for E (in particular, ng > 2 if £ = 2). Then for every n > ny
we have (14 ¢™)1d € Hyn.

Proof. In the light of the previous lemma we may assume that £ has complex
multiplication, so that the image of the torsion representation is contained in the
normaliser of a Cartan subgroup of GLy(Z). The equality #Hpmi1 = (2># Hyn
for n > ny is equivalent to

ker (H£n+1 — Hgn) =Id+¢"T,

where both sides are seen as subsets of {M € Maty(Z/¢"T1Z) : M =1d (mod (™)},
and T is the tangent space to the image of the Galois representation as introduced
in [LP21) Definition 9] and further studied in [LP17, Definition 18]. We proceed
by induction, the base case n = ny being trivial. By surjectivity of Hyn+1 — Hyn
and the inductive hypothesis, we know that Hy.+1 contains an element reducing
to (14+£™) Id modulo £, that is, an element of the form M,, 11 := (14£™¢) Id +£™¢.
Here t is an element of T: to see this, notice that M,, 1 is congruent to the identity
modulo ¢™, so it cannot lie in the non-trivial coset of the normaliser of a Cartan
subgroup ([LP17, Theorem 40]), and therefore belongs to the Cartan subgroup

. . T oy .
tself. But then M, f the f f t t
itse ut then M, is of the form <y - 7y> or appropriate parameters
(7,9), hence
1 fx—1—4m oy
t=— Matq (F
£n< y (w—l—WHvy)e ata (E)

belongs to T by the explicit description given in [LP17, Definition 18]. The
equality ker (Hyn+1 — Hyn) = Id +6™T implies that Hyn+1 also contains Id —€"¢,
so it contains

(1 +0m)Id +07t)(Id —0™t) = Id —0*"1% 4 "¢ Id —n et
=(1+¢")Id (mod ¢(*1)

as claimed. |
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Proposition 4.10. Assume that « is strongly (-indivisible in E(K). Let ny be
a parameter of maximal growth for the £-adic torsion representation. Then for
every n the point o is not ™1 -divisible in Ky ; equivalently, o is not fm¢+i-
divisible in Kpoo.

Proof. By Lemma the group Hy» contains (1 + £™¢)1d, so by Lemma the
exponent of the group H'(Hyn, E[("]) divides £"¢. We conclude by Lemma
U

4.4 The /-adic failure is bounded

In this section we establish some general results that will form the basis of all
subsequent arguments (in particular Lemma and Proposition |4.12)) and use
them to show that the ¢-adic failure Ay;(N) can be effectively bounded (Theo-

rem .

Lemma 4.11. Assume that for some d > 0 the point o € E(K) is not (4+1-
divisible over Kyoo. Then Vys contains a vector of valuation at most d. Similarly,
if a € BE(K) is not £41-divisible over K., then Wys contains a vector of valua-
tion at most d.

Proof. Assume by contradiction that every element of Vye has valuation at least
d+1. Then the image of V= in E[(?+] = T,(E)/tT1T,(E) is zero. As this image
is exactly Gal(Kjoeo ga+1 | Ky ), we obtain Kyee ga+1 = Kyoo, s0 av is £ -divisible
in Ky, a contradiction.

The second part can be proved in exactly the same way. O

The following group-theoretic Proposition will be applied in this section and
in Section[7} In all of our applications the group H will be the image of the ¢-adic
torsion representation associated with some elliptic curve.

Proposition 4.12. Let ¢ be a prime number, d be a positive integer, H be a
closed subgroup of GLa(Zy), and A = Ze[H] be the sub-Zg-algebra of Mata(Zy)
topologically generated by the elements of H. Let V C Z? be an A-submodule of
732, and suppose that V contains at least one vector of (-adic valuation at most d.

(1) Suppose that H contains {M € Mato(Zy) : M = Id (mod (™)} for some
n>1. ThenV contains (172,

(2) Suppose that the reduction of H modulo ¢ acts irreducibly on F2. Then V
contains (17.2.

(3) Let C be a Cartan subgroup of GLa(Z¢) with parameters (vy,0) and let N be
its normaliser. Suppose that H is an open subgroup of N not contained in
C, and that H contains {M € C': M =1d (mod ™)} for somen > 1. Then
V contains (3ntdtve(49)72,
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Proof. Both the assumptions and the conclusions of the Proposition are invariant
under changes of basis in Z?, so we may assume that v = (%e; is in V, where

or — 1
1=1{p)-
(1) Tt is clear that A contains ™ Mato(Z¢), so we have

V D A-v D" Maty(Zy) - v =" Maty(Zy) - ey = £"T72.

(2) Let H; denote the reduction of H modulo ¢. The condition that H, acts
irreducibly on F# implies that there exists M € Fy[H,| such that Me; = <(1))

(mod /). Fix a lift M € A of M, which exists because the natural reduction
map A = Zy[H] — Fy[H,] is clearly surjective. Then Mv = ¢?Me; is a vector
whose second coordinate has valuation exactly d and whose first coordinate
has valuation strictly larger than d. It is then immediate to see that v and
Mwv, that are contained in V', generate EdZ%

(3) Tt is enough to show that A contains ¢37+¢(49) Mat,(Z,), and the conclusion
follows as in (1) above. Suppose first that v = 0, and let

i) 75y0 1+ Enl’o 5£ny0
My = H M, = H.
0 (yo —SEO) eH\C and 1 ( 0 1+ €

The existence and the form of such matrices follow from the assumptions
and from the description of Cartan subgroups and their normaliser given in
Definition and Lemma Then A contains My = My — Id +4" My =

20™ <§0 8 . Let moreover M3z = £™ 0 9 which is in A since it can be
0

1 0)

AL |
Then we have

. 1 o . . .
written as ( ¢ 5) — Id, where both matrices are in H by assumption.

2 _ 5,2
4027 (370 05y0 8) _ (M2 _ 2y0M3) My e A

and @3 — dyg = —det My € Z,. Tt follows that A contains 4¢%" (é 8), and

since Id € A we have that all diagonal matrices of valuation at least 2n+uv(4)
are in A, which therefore also contains

0 0 £2n+w(4) 0
<€3n+w(4) O) = M;s ( 0 0
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0 ntuls 0 0
<O 0 ) = M;3 <0 €2n+w(4)) :

Together with the diagonal matrices found above, these elements clearly gen-
erate the submodule £3"+v¢(49) Maty(Z,), and we are done. If v # 0, by
Remark [2.9] we may assume v = 1 and £ = 2. In this case let

My = <$0+yo 5y0+$0+y0) cH\C
—Yo —Zo — Yo

and

and

M, = Id +£" (9”0 990 ) c H.
Yo To+ Yo

Then A contains My = M; — Id +0"My = (™ (

-1 6
1 0

2x9 +yo 26yo + o + Yo
0 0 )

Let moreover Mz = £™ ( ) € A. Then we have

1
My (8Mz — (20y0 + w0 + yo) M) = — " det(Mo) (1 + 49) (0 8) <

and using the fact that det(Mo) € Z; (since My € H C GL2(Z¢)) we obtain
that A contains all diagonal matrices of valuation at least 2n. We can then
conclude as before.

O

Proposition 4.13. Assume that « is strongly ¢-indivisible in E(K) and let ng
be a parameter of maximal growth for the £-adic torsion representation.

(1) Assume that E does not have complex multiplication. Then for every k > 1
we have E[*] C Vyrson, .

(2) Assume that E has complex multiplication by A := End(E), and that K
does not contain the imaginary quadratic field A ®z Q. Let (vy,d) be param-
eters for the Cartan subgroup of GLa(Zy) corresponding to A. Then for all
k> 1 we have E[fk] C Viktany+v,(46) -

Proof. By Remark in order to show (1) it is enough to prove that £2"¢T,(E)
is contained in Vy~. To see that this holds, notice that by Lemma and
Proposition [£.10] there is an element of valuation at most n; in V. Now we just
need to apply Proposition 1) with H = Hyo, V = Vjo and d = n = ny.
Part (2) can be proved in the same way using Proposition 3). O
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Proposition is the main ingredient for the proof of Theorem below,
and in fact it implies it directly in case the point « is strongly indivisible. To
finish the proof one also needs to relate the degrees of the Kummer extensions
for divisible and indivisible points, which is accomplished in Lemma

In §6 we will show that a naive analogue of Proposition [1.13] does not hold in
case F has complex multiplication defined over K.

Remark 4.14. Write a = (3 + Tj,, where 3 € E(K) is strongly /-indivisible
and T}, € E[("](K) is a point of order ¢, for some h,d > 0. Notice that it is
always possible to do so: first, let 5 € E(K) and d be such that o = (3 + T
for some T € E(K) of order a power of ¢, with d maximal. Assume then by
contradiction that § is not strongly /¢-indivisible. This means that there are
v,S8 € E(K) with S of order a power of ¢ such that 8 = ¢y + S. But then
a =0ty + 8)+ T = (*1y + (448 + T), contradicting the maximality of d.

Remark 4.15. Let % be the canonical (Néron-Tate) height on E, as described in
[Sil09, Section VIIL.9]. Following [Pet06], it is possible to bound the divisibility
parameters d and h in terms of iAz(oz), the degree of K over Q, the discriminant
Apg of E over K and the Szpiro ratio

1 if F has everywhere good reduction
0 = log|Nk/o(AR)| :
W 0therw1se

where Ng denotes the conductor of E over K. In fact, [Pet06l Theorem 1] gives
the bound

h < log, [e1[K : Qlo? log (co[K : Qlo?) |

where ¢; = 134861 and ¢, = 104613. Alternatively, one could also use the uniform
boundedness of torsion [Mer96), [Par96] to give an upper bound on h that only
depends on [K : Q).

For the parameter d we can reason as follows. For a = ¢?3 + Tj,, by [Sil09,
Theorem 9.3] we have

h(a) = h(¢43 + Ty) = h(¢8) = (*7h(3)

log [Nk /o(AR)|
105[K : QP30 log®(c2[K : Qlo?)

n(B) > B :=

)



4. THE ¢-ADIC FAILURE 37

where again c; = 104613. We thus obtain the effective bound

1 h(c)
< 1 .
d 2log ¥ 0g< B )

Lemma 4.16. Let a, 8 € E(K) be points of infinite order such that « = dB+T)
for positive integers d,h and some T, € E(K)[h]. If N > 1 is a multiple of d
then

lKNh ((5 )_1 [3) : KN;,,] divides  [Kn (N"'a): Ky,
thus

T (N-Ta) - Knl divides d2. [KNh ((%) 5) : KNh} .

Proof. Notice that

2
1

-1
K ((g) ﬁ) = Kyn (N71(d)) Knn (N} dB +T0)) = Ky (N~ )

and thus )
[KNh <<Jc\i[> 5) :KNh‘| = [Knn(N7'a) : Knu) .

It is clear that [Kyp(N ') : Kny| divides [Kn(N~'a) : Ky], so we conclude.
O

Theorem 4.17. Let { be a prime and assume that Endg (E) = Z (i.e. either
E does not have CM, or it has CM but the complex multiplication is not defined
over K ). There is an effectively computable constant ag, depending only on o and
on the £-adic torsion representation associated to E, such that Ay(N) divides £%
for all positive integers N .

Moreover, ay is zero for every odd prime ¢ such that o is £-indivisible and for
which the (-adic torsion representation associated with E is maximal (see Defi-
nition , For the finitely many remaining primes £ we can take a; as follows:
let ny be a parameter of mazimal growth for the £-adic torsion representation and
let d be as in Remark . If E has CM over K, let (v,8) be parameters for the
Cartan subgroup of GLa(Zy) corresponding to End(E). Then:

(1) ag = 4ng + 2d if E does not have CM over K ;
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(2) a¢ = 8ny + 2v,(40) + 2d if E has CM over K.

Proof. Let a@ = (%3 4 T}, as described above. Notice that if o is strongly ¢-
indivisible we have d = 0, and the conclusion follows from Proposition If
the f-adic torsion representation is maximal, the fact that a, is zero in the cases
stated follows from [JR10, Theorem 5.2 and Theorem 5.8].

In the general case, let n = vp(IN) and notice that the claim is trivial for
n < d, so we may assume n > d. By Lemma[£.16] we have that

p2(n—d)
divid
Kpin(C0) : Kpmrn] 0 Y K pon (DB s Kpnen]’

€2n £2d
so in view of Remark [2.I] we are reduced to proving the statement for 3 instead
of . Since f is strongly ¢-indivisible, we can conclude as stated at the beginning
of the proof.

The fact that a, is effective follows from the fact that one can effectively
compute a parameter of maximal growth for the /-adic torsion representation
(Remark , an upper bound for the value of d (Remark , and the ring
End(E) ([Ach05], [CMSV19], [Lom19]). O

Remark 4.18. Recent results by Cerchia and Rouse [CR21], obtained indepen-
dently from those in the present paper, imply that the better bound ay = 3n,+2d
holds in the non-CM case.

5 The adelic failure

In this section we study the adelic failure B,(N), that is, the degree of the
intersection Kyn g» N K over Ky». Notice that this intersection is a finite Galois
extension of Kyn.

5.1 Intersection of torsion fields in the non-CM case

We first aim to establish certain properties of the intersections of different torsion
fields of F, assuming for this subsection that E does not have complex multi-
plication over K. Our main tool is the following result, due to Campagna and
Stevenhagen [CSI9, Theorem 3.4]:

Theorem 5.1 (Campagna-Stevenhagen). Assume that E does not have complex
multiplication. Let S be the set consisting of the primes ¢ satisfying one or more
of the following three conditions:

(i) £]30disc(K | Q);
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(ii) E has bad reduction at some prime of K above {;
(iii) the modulo ¢ torsion representation is not surjective.
For every ¢ ¢ S we have Ky N Ky = K for all M,n > 1 with €4 M.

Remark 5.2. The finite set S appearing in Theorem[5.1]can be computed explic-
itly. In fact, it is well known that one can compute the discriminant of K and the
set of primes of bad reduction of E. An algorithm to compute the set of primes
for which the mod ¢ representation is not surjective is described in [Zyw15b].

An immediate consequence of the Theorem above is the following corollary,
which gives a slightly more precise version of [Ser97, §3.4, Lemma 6].

Corollary 5.3. Assume that E does not have complex multiplication and let S
be as in Theorem[5.1. Let M be a positive integer and write M = My M,, where

My =[] p prime, e, > 0,
pES

My = H q% q prime, eq = 0.
q€eS

Then we have

Remark 5.4. Let K be the compositum of the fields K, for all p € S, where S
is as in Theorem [5.1] In the following section it will be important to notice that
S is stable under base change to K. More precisely, let S be the set of all primes
{ that satisfy one of the following:

(i') | 30disc(K | Q);
(ii") E has bad reduction at some prime of K above /;
(iii") the modulo ¢ torsion representation attached to E/ K is not surjective.

Then S = S.

Indeed, the inclusion S D S is easy to see: clearly conditions (i) and (iii)
imply (i') and (iii') respectively, so we only need to discuss (ii). Let p be a prime
of K (of characteristic ¢) at which E has bad reduction, and let q be a prime of
K lying over p. We need to show that £ € S. If E has bad reduction at q we
have £ € S by (ii'), while if E has good reduction at q then p ramifies in K by
[SiI09, Proposition VIL5.4 (a)], so we have /£ | disc(K | Q) and £ is in S by (i').
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Conversely, let ¢ € S. If (ii') holds, then clearly also (ii) holds, and ¢ is
in S. Suppose that (i') holds. If ¢ divides 30, then it is in S by (1). Other-
wise ¢ divides disc(K | Q), which by [Serl3, IIL.§4, Proposition 8] is equal to
disc(K | QUEEINg gdise(K | K); if ¢ divides disc(K | Q), then it is in S
by (1), while if it divides disc(K | K) then we have ¢ € S by [Sil09, Proposi-
tion VIIL.1.5(b)]. We may therefore assume that (i') and (ii') do not hold. Since
lisin S, (iii") must hold, that is, the modulo-¢ torsion representation attached
to E/K is not surjective. We claim that the same is true for E/K. Indeed, if ¢ is
in S this is true by definition, while if £ ¢ S the previous corollary shows that K
is linearly disjoint from K, so the images of the modulo-¢ representations over K
and over K coincide.

5.2 The adelic failure is bounded

We now go back to the general case of E possibly admitting complex multiplica-
tion.

Fix an integer N > 1 and a prime number ¢ dividing N. Write N = ("R
with £ { R and recall that the adelic failure By(N) is defined to be the degree
[Kenm N Ky : Kgn]. In this section we study this failure for N = ("R, starting
with a simple Lemma in Galois theory.

Lemma 5.5. Let Ly, Lo and L3 be field extensions of K, with L1 C Lo and Lo
Galois over K. Then the compositum Li(La N Lg) is equal to the intersection
LN (L1L3).

Proof. Let G = Gal(K | K) and, for i = 1,2,3, let G; := Gal(K | L;). The
claim is equivalent to Gy N (G, G3) = (Go, Gy N G3), where the inclusion “2”
is obvious. Since Lo | K is Galois, the Galois group Gy is normal in G, so
we have <G2,G3> = GQ . Gg and <G2,G1 n G3> = G2 . (Gl N Gg) Let then
g € G1 N (G2 - Gs), so that there are g1 € Gy, g2 € G2 and g3 € G3 such that
g = g1 = gog3. But then gglgl = g3 € G5 and, since Gy C G1, also g;lgl e Gy,
o) thatgzgg(gglgl) € Gy (G NG3). O

We now establish some properties of certain subfields of K¢np ¢n.

Lemma 5.6. Setting L := K gn N Ky, F := LN K = K N Kg, and
T:=FNKpm =K NKgr we have:

(1) The compositum F Ky is L.
(2) Gal(F | T) 2 Gal(L | K¢n); in particular, Gal(F | T) is an abelian £-group.

(3) F is the intersection of the mazimal abelian extension of T contained in
Ken gn and the mazimal abelian extension of T' contained in Kg.
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K[TLR7Z77,

L= Kgn’gn n K[nR
/KR

K[n
F .= Kgn’[n n KR

K£7L7en KénR

Figure 1.1: The situation described in Lemma 5.6 and Proposition [5.7]

Proof. (1) By Lemmawe have FKm = K (K g NKR) = Kgn gn NKpnp =
L. Part (2) follows from (1) and standard Galois theory. For (3), notice that F'is
abelian over T by (2), so it must be contained in the maximal abelian extension of
T contained in Ky» ¢» and in the maximal abelian extension of T contained in Kg.
On the other hand, F' cannot be smaller than the intersection of these abelian
extensions, because by definition it is the intersection of Ky» ¢» and Kg. O

Proposition 5.7. The adelic failure By(N) is equal to [F : T], where F =
K(n7€n N KR and T = Kgn N KR-

Proof. Let as above L = Kyn gn N Kyng. We have

Gal(Kgn7gn |L) = Gal(KgnR7gn |KgnR),



42 CHAPTER 1. KUMMER THEORY FOR ELLIPTIC CURVES

SO we get
[K@ny[ﬂ : Kgn] = [Kgn’gn : L][L : Kln] = [KlnR’[n : K@nR][L : Kgn]

and we conclude by Lemma [5.6(b). O

In what follows we will need to work over a certain extension K of K; this
extension will depend on the prime ¢. More precisely, we give the following
definition.

Definition 5.8. Let K be the finite extension of K defined as follows:

(i) If E has complex multiplication, we take K to be the compositum of K with
the CM field of E. This is an at most quadratic extension of K. Notice
that in this case by [LRI8| Lemma 2.2] we have K,, = K, for every n > 3.

(ii) If E does not have CM and £ is not one of the primes in the set S of
Theorem 5.1, we just let K = K. Notice that this happens for all but
finitely many primes #.

(iii) If £ does not have CM and £ is one of the primes in the set S of Theorem 5.1
we let K be the compositum of all the K, for p € S. Notice that in this
case Ky = K.

We shall use the notation K M (respectively K wm,n) for the torsion (respec-
tively Kummer) extensions of K. We shall also write
K),

Ven := Im (wn L Gal(K | Kgn) — E[m) =~ Gal (qu | fqn)

Hpn = Im (m L Gal(K | K) — Aut(E[e"])) >~ Gal (K/

for the images of the ¢™-torsion representation and of the (¢, ¢")-Kummer map
attached to E/ K. Finally, we let 71y be the minimal parameter of maximal growth
for the f-adic torsion representation over K. Notice that, thanks to Lemma
we have 7y < ng + vo([K : K)).

Proposition 5.9. The extension F' := R@nln N Kg is abelian over K.
Proof. This is well known if F has complex multiplication because then Kg is

itself abelian over K, see for example [Sil94, Theorem I1.2.3]. In case E does not
have complex multiplication and ¢ is not in the set S of Theorem [5.1} this follows
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easily by considering the diagram

Ko on

o ad

N
N

In fact, since Ky NF’ = K by Theorem (notice that in this case K = K), we
have that Gal(F’ | K) = Gal(Km F’ | K) is a quotient of Vpn, hence abelian.
Thus we can assume that F does not have CM and that ¢ is in the set S of
Theorem [l

Notice that F’ is a Galois extension of K with degree a power of £, since the
same is true for R@n,gn | K and F' C f(gnjn. Letting 7 denote the radical of R,
the degree of [F : F' N K,], which is still a power of ¢, divides [Kg : K], which
is a product of primes dividing R. So since £ { R we obtain [ : F' N K,] =
that is K;n mNKp = Kgn m N Kr, and we may assume that R is squarefree
Write now R = R;Rs, where R; is the product of the prime factors of R that
are not in S and Ry is the product of the prime factors of R that belong to S.
By definition of K we have Kp = K R, , S0 we may further assume that no prime
p € S divides R. By Corollary [5.3| we then have Gal(Kg | K) = GLy(Z/RZ).

Since F' C Kp, there must be a normal subgroup D = Gal(Kp | F') <
GL2(Z/RZ) of index a power of £. In order to conclude we just need to show
that D contains the subgroup SLy(Z/RZ), for then Gal(F' | K) = GLy(Z/RZ)/D
is abelian.

Write SLy(Z/RZ) =[],z SL2(F,) and consider the intersection D), := DN
SLy(F,), which is a normal subgroup of SLa(F,). Here we identify SLo(F,) with
the corresponding direct factor of SLo(Z/RZ). The quotient SLs(F,)/D, cannot
have order a power of ¢ unless it is trivial (recall that in our case p > 5), so
we deduce that D DO SLy(F,). As this is true for every p | R, we have D D
SLy(Z/RZ), and we are done. O

In what follows, whenever A is an abelian group and @ is a group acting on
A, we denote by [A,Q] the subgroup of A generated by elements of the form
gv—v forv € Aand g € Q. For example, we will consider the case A = Vn and
Q == H[n .
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Lemma 5.10. Let
12A4A-G—->Q—1

be a short exact sequence of groups, with A abelian, so that Q acts naturally on
A. Let G* and Q" be the mazimal abelian quotients of G and Q respectively.
Then A/[A, Q)] surjects onto ker(G*> — Q2P).

Proof. We have an injective map of short exact sequences

1 —— ANG G’ Q' 1
[ [
1 A G Q 1

from which we get the exact sequence

A
1 ab ab 1
— 1nc -G = Q" =
and since [A4,Q] € AN G’ we conclude that A/[A, Q] surjects onto A/ANG' =
ker(G®P — Q). O
Proposition 5.11. The adelic failure By(N) divides [K : K] - #[‘N/VEI’%’]'
YA m

Pmof Let J; and Jy be the maximal abelian extensions of K contained in K o
and Kyn ¢n respectively. Then we have Gal(J; | K) = HL?T'? and Gal(Jy | K) =
Gi®, where Gn = Gal(Kgn gn | K). Notice that [Jo : J] = #W where W =
ker(é — H "ﬁ?) is a quotient of Vyn/ [Vgn Hyn] by Lemma Let moreover
F' = K on N Kgr and T" := K¢» N Kg. By Proposmon 9 we have F' C J
and clearly also 77 C J; (indeed T” is abelian over K since it is a sub-extension
of F’). Consider the compositum J; F’ inside J5.

Ja

JLF'

N
\/



5. THE ADELIC FAILURE 45

It is easy to check that F' N J; = T, so we have that [F' : T"] = [J1F" : J1]
divides [J2 : J1], which in turn divides Vi /[Vin, Hen].
Now applying Proposition with K in place of K we get that

[K[n’gn : Kfu]

e L] ivides [FY: T,
[K¢npen 2 KpnR]

and using that [K[,LR@ : f{gnR] divides [K¢np en : Kgnp] it is easy to see that

Kopn gn + Kpn ~ kn n :kn
e s K] s K : K] - K : Ken]
[KK"R,E” : KE’”R} [KgnR,gn : K@nR]

We conclude that

Vin
[WW7H£71] .

[K[n VAo K n]

By(N)= —————
e(N) [Kimpen @ Kgnpg)

divides  [K : K]-#

O

So we are left with giving an upper bound on the ratio #%n/#[f/gn’ﬁgn]l
this is achieved in the following Proposition.

Proposition 5.12. For every n, the order of Wn/[f/gn,ﬁgn] divides 02™ | where
e 18 the minimal parameter of mazimal growth for the -adic torsion represen-
tation of E/K.

Proof. By Lemma the group Hy» contains (1 + ¢™¢)Id. This implies that for
every v € Vpn the group [Vin, Hyn] contains

[v, (1 —|—€ﬁ’v’)Id] = (1+£")Idv —v = M,

that is, [f/gn,f{ o] contains £ Vyn. The claim now follows from the fact that Vpn
is generated over Z/¢"Z by at most two elements. O

Lemma 5.13. Assume that £ > 5 is unramified in K | Q and that the image
of the mod ¢ torsion representation is GLa(Fy) (so in particular E does not have
CM over K). Assume moreover that a is £-indivisible. Then Vin = [Vpn, Hyn].

Proof. Since Hj.. is a closed subgroup of SLy(Z;) whose reduction modulo ¢
contains H, = GLy(F;)" = SLy(F,), by Lemma the group Hy~ contains
SL9(Zg). The assumption that ¢ is unramified in K implies that det(Hy~) = Z/,
which together with the inclusion SLy(Z¢) C Hyee implies Hyeo = GLi2(Zy), and in
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particular Hyn = GLo(Z/¢"Z). By [JRI0, Theorem 5.2] we have Vpn = (Z/("Z)?,
so it is enough to consider

1 1 1 0 1
gl::(o 1>EH£"7 92::<1 I)GHZ“7 U:<1>€Ven

to conclude that
1 0
( O ) :gl’[}—’[)e [Wn,an] and ( 1 ) ZQQU_UE [Wn,H[n],

so that ‘/[n g [‘/@n y Hgn]. O

Lemma 5.14. Let E/K be an elliptic curve such that Endz(E) is an order A
in the imaginary quadratic field Q(v/—d). Let £ > 3 be a prime unramified both
in K and in Q(v/—d), and suppose that E has good reduction at all places of K
of characteristic £. Then Vin = [Vin, Hpn| and Vin = [f/gmﬁgn].

Proof. By |[LomlT, Theorem 1.5], the image of the ¢-adic representations attached
to both E/K and E/K contains (A ® Z)*, hence in particular it contains an
operator that acts as multiplication by 2 on E[¢"] for every n. Let A be such an
operator: then [Vpn, Hn] contains [Ven, A = {A —v | v € Vpn} = Vi as claimed.
The case of Vpn is similar. O

Theorem 5.15. Let £ be a prime. There is a constant by, depending only on the
p-adic torsion representations associated with E for all the primes p, such that
By(N) divides £°¢ for all positive integers N. Moreover,

(1) Suppose that E does not have complex multiplication over Q. Then by is
zero whenever the following conditions all hold: « is -indivisible, £ > 5 is
unramified in K | Q, the mod ¥ torsion representation is surjective, and E
has good reduction at all places of K of characteristic £.

(2) Suppose End(E) is an order in the imaginary quadratic field Q(v/—d). Then
be is zero whenever the following conditions all hold: ¢ > 3 is a prime un-
ramified both in K and in Q(v/—d), and E has good reduction at all places
of K of characteristic £.

Both in the CM and non-CM cases, for the finitely many remaining primes £
we can take by = 2ny + 3vp ([R’ : K}), where K is as in Definition and N 18
a parameter of maximal growth for the £-adic torsion part.

Proof. Let n be the (-adic valuation of N. By Proposition the adelic failure

By(N) divides [K : K] - #L
[Wn 5 HEH]
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(1) Suppose that E does not have CM over Q, that « is (-indivisible, that £ > 5
is unramified in K | Q, that the mod ¢ torsion representation is surjective,
and that E has good reduction at all places of K of characteristic £. Under
these assumptions, the prime ¢ does not belong to the set S of Theorem

- - Ve Vin
so we have K = K and [K : K| #[%n’ﬁm] is simply #[Vgn,Hgn]' We
conclude because this quotient is trivial by Lemma [5.13

(2) Inthe CM case, the conclusion follows from Lemma since /1 [K : K] < 2.

For all other primes, combining Proposition and Proposition we get
that By(N) divides [K : K] - ¢*™ and we conclude using Lemma O

Remark 5.16. The proof shows that the inequality
ve(Be(IN)) < 2ng + 3ug ([f( : K])

holds for every prime ¢ and for every rational point « € F(K). In other words,
for a fixed prime /¢ the adelic failure can be bounded independently of the rational
point a.

We can finally prove our first Theorem from the introduction:

Proof of Theorem[I.1] By Remark 2.1} Theorem [I.1] follows from Theorems [£.17]
and by taking C := [, £+ +0. 5

Remark 5.17. Theorem [1.1]is completely effective, in the following sense: the
quantities ay and by can be computed in terms of [I~( : K], ng, and the divisibility
parameter d. The integer d can be bounded effectively in terms of the height
of a and of standard invariants of the elliptic curve, as showed in Remark
The remaining quantities [K' : K] and ny can be bounded effectively in terms of
[K : Q] and of the height of F, as shown in [Lom15].

6 A counterexample in the CM case

We give an example showing that Proposition does not hold in the CM
case when / is split in the field of complex multiplication, and that in fact in
this case there can be no uniform lower bound on the image of the Kummer
representation depending only on the image of the torsion representation, even
when « is strongly ¢-indivisible.

Let E/Q be an elliptic curve with complex multiplication over Q by the imagi-
nary quadratic field F. Let « € F(Q) be such that the £™-arboreal representation
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attached to (E,a) maps onto (Z/¢"Z)* x Nyn for every n > 1, where Ng» is the
normaliser of a Cartan subgroup Cy» of GLo(Z/¢™Z). Suppose furthermore that
£ is split in F' and does not divide the conductor of the order End@E C Op. Such
triples (E,a, () exist: by [JRI0, Example 5.11] we can take E : y? = 2% + 3z
(which has CM by Z[i]), a = (1,—2) and ¢ = 5 (which splits in Z[i]). Notice
that for this elliptic curve and this « the same property holds for every £ = 1
(mod 4): [LomI7, Theorem 1.5 (2)] implies that for all £ > 5 the image of the
Galois representation is the full normaliser of a Cartan subgroup, at which point
surjectivity of the Kummer representation follows from [JR10, Theorem 5.8].

Consider now the image of the arboreal representation associated with
(E/F,a,l). Base-changing E to F has the effect of replacing the normaliser
of the Cartan subgroup with Cartan itself: more precisely we have
wen (Gal(Fn gn | F)) = (ZJ0"Z)? % Cyn for every n > 1. As £ is split in the
quadratic ring End@(E), so is the Cartan subgroup Cy», and therefore we can as-
sume — choosing a different basis for E[¢"] if necessary — that Cyn is the subgroup
of diagonal matrices in GLo(Z/¢"Z). Fix now a large n and let

By = {(t,M) € (Z)0"Z)* %0 Cpm : t = (x,0) (mod en—l)}.

Using the explicit group law on (Z/¢"Z)? x C¢» one checks without difficulty that
By is a subgroup of (Z/0"7Z)? x Cyn: indeed, given two elements g = (t1, M)
and go = (ta, M) in Byn, we have

g1 - g2 = (t1, M) - (t2, Ma) = (t1 + Mite, My M),

and (since M; is diagonal) the second coordinate of ¢; + M;jts is a linear combi-
nation (with Z/¢"Z-coefficients) of the second coordinates of ¢1, t2, hence is zero
modulo "1, Finally, let K C Fyn ¢n be the field corresponding by Galois theory
to the subgroup By of (Z/€"Z)* x Cpn = Gal(Fyn gn | F).

We now study the situation of Proposition for the elliptic curve E/K
and the point a. By construction, the image of the ¢"~!-torsion representation
attached to (E/K, ) is Cyn—1, so the parameter of maximal growth can be taken
to be ny = 1. We claim that o € E(K) is strongly ¢-indivisible. The modulo-£
torsion representation is surjective onto Cy, so that in particular no ¢-torsion point
of E is defined over K, and strongly /-indivisible is equivalent to ¢-indivisible.
To see that this last condition holds, notice that if o were ¢-divisible then we
would have K,, = K,. However this is not the case, because by construction
Gal(Koe | Ko) = {t € (Z/VZ)* : t = (%,0) (mod £)} has order (. Finally, for
k =n — 3 we have

Vikion, = Vpnor = {t € (Z/0"'Z)* : t = (%,0) (mod ¢~ 1)},



7. UNIFORM BOUNDS FOR THE ADELIC REPRESENTATION 49

which is very far from containing E[¢*] — in fact, the index of Vjxi2n, in E[¢F+2n¢]
can be made arbitrarily large by choosing larger and larger values of n. Notice
that in any such example the ¢-adic representation will be surjective onto a split
Cartan subgroup of GLy(Zy).

7 Uniform bounds for the adelic representation
Our aim in this section is to show:

Theorem 7.1. There is a positive integer C with the following property: for every
elliptic curve E/Q and every strongly indivisible point o € E(Q), the image Woo
of the Kummer map associated with (E/Q, «) has index dividing C in [, T;(E).

This result immediately implies Theorem [1.2

N2
Proof of Theorem[L.2] By Remark for every N | M the ratio ————
[Qur,n = Qur]
divides )
N P
—— = |(Z/NZ)? : W /NWo| ,
which in turn divides [22 : W) O

Remark 7.2. The assumption of strong indivisibility of the point « is necessary.
In fact, one can take a point « that is divisible in F(Q) by an arbitrarily high
power of some prime ¢, and thus get an index divisible by an arbitrarily large
power of £.

However, one can recover a similar result for divisible points allowing the
constant C' to depend on the largest integer d such that o = d8 + T for some
B € E(Q) and some T € E(Q)tors. In fact, Lemma tells us that in this
situation the index of the Kummer representation associated with o divides d?
times the index of the Kummer representation associated with .

As in Subsection we will denote by 7T the finite set of primes

To := {p prime | p < 17} U{37}.

7.1 Bounds on cohomology groups

Let E/Q be an elliptic curve and N7, Ny be positive integers with N7 | No. The
first step in the proof of Theorem[7.1]is to bound the exponent of the cohomology
group H'(Hy,, E[N1]). In the course of the proof we shall need the following
technical result, which will be proved in Section
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Proposition 7.3. There is a universal constant e satisfying the following prop-
erty. Let E/Q be a non-CM elliptic curve, N a positive integer and £ a prime fac-
tor of N. Let £* be the largest power of ¢ dividing N and J = Gal(Qn | Qux)<Hy.
Consider the action of Hy on Hom(J, E[(¥)) defined by (hv)(z) = hp(h~ xh) for
allh € Hy, ¢ : J — E[¢*] and z € J. Then the ezponent of Hom (J,E[ﬁk])HN
divides e.

Proposition 7.4. There is a positive integer Cy with the following property. Let
E/Q be an elliptic curve, N1 and Na be positive integers with N1 | No. Then the
exponent of H(Hy,, E[N1]) divides C;.

Proof. We can prove the statement separately for CM and non-CM curves, and
then conclude by taking the least common multiple of the two constants obtained
in the two cases.

Assume first that £/Q has CM over Q. Let F' be the CM field of E, let O be
the ring of integers of F' and Oy := O ®z Zy. By [Lom17, Theorem 1.5] we have
d:= [[1,0/ : Hx NI[,0;] < 6. In particular all the d-th powers of elements
in [T, O/ are in H,,, hence we have 7X4 C Hy C [I, GL2(Z¢) and H contains
the nontrivial homothety A = (\;), where Ay = 3¢ and X\, = 2¢ for ¢ # 2. By
Sah’s Lemma [BR0O3, Lemma A.2] we have (A — 1)H'(Hy,, E[N1]) = 0. Notice
that the image of A — 1 in Z; is nonzero for all ¢, and that it is invertible for
almost all £. The claim follows from the fact that d is bounded.

Assume now that E does not have complex multiplication over Q. As coho-
mology commutes with finite direct products we have

H'(Hy,,E(N]) = H' | Hy,, @ E["] | = €D H' (Hy,, E[*]).
20| Ny 0| Ny

Fix an £ in this sum and let J = Gal(Qu, | Q) < Hy,, where ¢* is the largest
power of £ dividing N5. By the inflation-restriction sequence we get

0— H'(Hy,/J,E[t")) — H (Hy,, E[t*]) — H'(J, E[t°])H~2;
since by definition J fixes E[€V], this is the same as
0 — HY(H, E[t*]) — HY (Hy,, E[t*]) — Hom(J, E[¢*])H~2

It is clear that the exponent of H'(Hy,, E[N1]) is the least common multiple of
the exponents of the direct summands H' (Hy,, E[¢]) for £ | N1, so we can focus
on one such summand at a time. Furthermore, the above inflation-restriction
exact sequence shows that the exponent of H!(Hy,, E[¢*]) divides the product
of the exponents of H'(Hx, E[¢*]) and of Hom(J, E[¢*])#~2. Tt is enough to give
a uniform bound for the exponents of these two cohomology groups.
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(i) | H*(Hyx, E[€°]) | Assume first that £ € 7. By Theorem [3.14] Hy is not con-

tained in a Borel subgroup of GLy(F,), so by [LW15, Lemma 4] it contains
a nontrivial homothety. By Lemma [3.17] the image Hye of the f-adic rep-
resentation contains a homothety that is non-trivial modulo ¢, so by Sah’s
Lemma [BRO3, Lemma A.2] we have H'(Hx, E[(*]) = 0. For £ € Tg let ng
be a universal bound on the parameter of maximal growth of the ¢-adic rep-
resentation, as in Corollary By Lemmawe have (1+¢"¢)1d € Hyx,
and from Lemma [4.7|we obtain that the exponent of H(Hx, E[¢*]) divides
e,

(ii) | Hom(J, E[¢"])*~2 | As v < k, this group is contained in Hom(.J, E[¢*])f~>
whose exponent is uniformly bounded by Proposition [7.3] Notice that the
action of Hy, on Hom(J, E[(*]) is precisely that considered in Proposi-

tion by well-known properties of the inflation-restriction exact sequence
(see e.g. [Ros95, Theorem 4.1.20]).

Proposition can be restated in terms of H'(H, E(Q)tors)-

Theorem 7.5. There is a positive integer C1 such that, for any elliptic curve
E/Q, the exponent of H' (Hy, E(Q)tors) divides Cf.

Proof. By [NSW13| Proposition 1.2.6] we have

Hl(Hooa E(@)torS) = hWH}Hl(HN7 E[N])a

so the result follows from Proposition [7.4] O

Remark 7.6. Let m := [GLQ@) : Hy]. By basic group theory, there is a normal
subgroup B of GLg (Z) contained in H., and having index dividing m/!. It follows
that the m!-th power of any element of GLQ(Z) is in B, hence in H,, and in
particular H,, contains Z*™ . 1d. An application of Sah’s lemma then shows
that the exponent of H'(H., E(Q)tors) can be upper-bounded purely in terms
of m. A positive answer to Serre’s uniformity question for elliptic curves over Q
would imply that there are only finitely many possibilities for the index m (see
for example [Zyw15c]), so Theorem [7.5| would immediately follow.

Corollary 7.7. Let Cy be as in Proposition . Let E/Q be an elliptic curve
and let o € E(Q) be a strongly indivisible point. If « is divisible by n > 1 over
Qoo, then n | C1.
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Proof. Without loss of generality we can assume that n = ¢° is a power of a
prime £. Since Q. is the union of the torsion fields Qp, there exists N such
that « is divisible by ¢¢ over Qu, and we may assume that £¢ divides N. The
claim then follows from Lemma since by Proposition [7.4] the exponent of
HY(Gal(Qn | Q), E[¢€]) is a power of ¢ that divides Cj. O

Lemma 7.8. Let Cy be as in Proposition[7.J. The following hold for every prime
L:

(1) The Z¢-module Wi, considered as a submodule of Z%, contains a vector of
valuation at most ve(Ch).

(2) Suppose that E does not have CM over Q and let ny be a parameter of
mazximal growth for the (-adic torsion representation. Then Wy~ contains
énlﬂ’ve(Cl)Té(E)'

(3) If E[f] is an irreducible Hy-module, then Wy contains £°*(C)T,(E).

(4) Suppose that E has CM over Q and let (v,8) be parameters for the Cartan
subgroup of GLa(Zy) corresponding to End@(E). If ng is a parameter of
maximal growth for the £-adic torsion representation, then Wys contains
£3ne+w(4601)Tg(E).

Proof. Part (1) follows from Lemma since by Corollary the point «
is not divisible by £¢(C1)*! over Qu,. Parts (2), (3) and (4) then follow from
Proposition (for part (4) observe that no elliptic curve over Q has CM
defined over Q). O

We can now prove the main Theorem of this section.

Proof of Theorem[7T1] As already explained, we have W, = [], Wie, so we
obtain

HTZ(E) : le = H[Tg(E) : Wiee].
L

L

Let
T1 = To U {¢ prime | ¢ divides C1} U {19,43,67,163} .

Notice that by Theorem for ¢ ¢ T; there is no elliptic curve over Q with a
rational subgroup of order ¢. By Lemma (3), for £ & T; we have Wyeo = Ty(E),
SO

[[7(E): Woo] =[] [Tu(E) : We]. (7.1)
4

LeTy
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Now it is enough to prove the Theorem separately in the CM and in the
non-CM case, and then take the least common multiple of the two constants
obtained.

Suppose first that £ does not have CM over Q. Applying Lemma 2) we
see that [Ty(F) : Wye] divides £2(¢+v¢(C1)) " where ny is a parameter of maximal
growth for the f-adic torsion for E. By Theorem this can be bounded
uniformly in F. Since C; does not depend on F, each factor of the right hand
side of is uniformly bounded.

Assume now that E has complex multiplication over Q and let (7, §) be param-
eters for the Cartan subgroup of GL2(Z¢) corresponding to Endg(E). Applying
Lemma 4), we see that [Ty(E) : Wye] divides £2Gretve(43C€1) where ny is a
parameter of maximal growth for the ¢-adic torsion representation for E, which
is uniformly bounded by Corollary It remains to show that v,(d) can be
bounded uniformly as well. This follows from the fact that § only depends on
the Q-isomorphism class of E, and that there are only finitely many rational
j-invariants corresponding to CM elliptic curves. O

7.2 Proof of Proposition [7.3

Recall the setting of Proposition E/Q is a non-CM elliptic curve, N is
a positive integer, and ¢ is a prime factor of N. Let ¢* be the largest power
of ¢ dividing N and J = Gal(Qn | Q) < Hy. The question is to study the

exponent of the group Hom (J, E[ﬁk])HN. In order to do this, we shall study the
conjugation action of g € Hy on the abelianisation of J. More generally, we shall
also consider the conjugation action of elements in GLo(Z/NZ) that normalise
J.

It will be useful to work with a certain subgroup J(2) of J. More generally,
we introduce the following notation.

Definition 7.9. Let G be a group and M a positive integer. We denote by G(M)
the subgroup of G generated by {gM g e G}.

Lemma 7.10. The subgroup J(2) is normal in J, the quotient group J/J(2) has
exponent at most 2, J(2) is stable under the conjugation action of Hy, and

exp Hom (J,E[Ek])HN | 2 exp Hom (J(2),E[Ek})HN .

Proof. Clearly J(2) is a characteristic subgroup of J, so it is normal in J and
stable under the conjugation action of Hy on J. Given a coset hJ(2) € J/J(2)
we have (hJ(2))? = h?J(2) = J(2) since h* € J(2) by definition, so the quo-
tient J/J(2) is killed by 2. Finally, take a homomorphism ¢ : J — E[¢*] sta-
ble under the conjugation action of Hy and denote by d the exponent of the
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abelian group Hom (J(2), E[Ek])HN. The restriction of ¢ to J(2) is an element

of Hom (J(Q),E[ﬁk])HN, so it satisfies dy|s(2) = 0, and thus given any h € J we
have d¢|J(2)(h2) = 0. This implies that for every h € J we have 2dy(h) = 0,
hence 9 is killed by 2d. Since this is true for all 1, the claim follows. O

We will also need the following two simple lemmas:

Lemma 7.11. Let E/Q be an elliptic curve and let M > 37 be an integer. If
¢ > M+ 1 is a prime number, then Hy (M) contains a homothety A\1d with
AZ 1 (mod ).

Proof. By Corollary since £ > M + 1 > 37, the image of the modulo-£
representation contains all the homotheties. In particular, if 7 € F} is a generator
of the multiplicative group F;, then H, contains fzId, so by Lemma Hy
contains 4 Id, where o € Z; is congruent to i modulo ¢. So Hy~ (M) contains
1M 1d, which is nontrivial modulo ¢ since & has order £ — 1 > M. O

Lemma 7.12. Let p be a prime and let n be a positive integer (with n > 2 if
p =2). For every positive integer k let Uy = {x € Zyp | x =1 (mod p*)}. Let M
be a positive integer. Then {mM |z € Un} 2 Unyo, (M)-

Proof. Let y € Upqo, ) and let a = y — 1. By [Coh07, Corollary 4.2.17 and
Corollary 4.2.18(1)], the p-adic integer # = exp(M ~1logy) is well defined and
satisfies the inequality v,(z — 1) > v,(M ~'a) > n. Therefore x € U,, and clearly
M =y, O

We will derive Proposition [7.3] from the following statement:

Proposition 7.13. There is a universal constant M with the following property.
For every elliptic curve E/Q, every positive integer N, every prime power £
dividing N, and every g € Hy, the conjugation action of g™ on the abelianisation
of J(2) is trivial.

Proof of Proposition = Proposition|7.3] By Lemma [7.10]it is enough to
prove Proposition |7.3{ with J replaced by J(2). Let ¢ € Hom (J(2), E[¢*]): then
as E[(¥] is abelian 1) factors through J(2)P.

For every g € Hy, every ¢ € Hom (J(Q),E[Ek])HN and every h € J(2) we
have

w(h) = g™ (g7 Mhg™) = g™ - (h),

where the first equality holds because ¢ is H y-invariant and the second because
the automorphism induced by g™ on J(2)" is trivial by Proposition This
means that the image of ¢ is contained in E[¢*]#~ (M) Since the action of Hy
on E[¢*] factors via the canonical projection Hy — GLo(Z/¢*Z), this is the
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same as saying that the image of 1 is contained in the subgroup of E[¢¥] fixed
under Hr (M). Tt remains to show that the exponent of E[¢¥]ex (M) is uniformly
bounded, and trivial for ¢ sufficiently large.

To see this, recall that by Theorem there exists an integer n > 1, inde-
pendent of E, such that H. contains Id +¢" Mato(Z/¢*Z) (and we have n > 2
if ¢ = 2). By Lemma for every E/Q the group Hyw (M) contains all scalar
matrices in Maty(Z/¢*Z) that are congruent to the identity modulo ¢7+ve(M),
We claim that the exponent of E[¢¥]Hex(M) divides ¢7+0¢(M), In fact, by what
we have seen Hyr (M) contains (1 + £*+¢«M))1d, so E[¢F]Her (M) s in particular
fixed by (1 + ¢"+tv¢(M))1d, hence it is contained E[¢m+ve(M)],

Finally, we show that Hom(.J, E[¢¥])H~ is trivial for £ > M +1. Since ¢ > 2, by
Lemma it is enough to show that Hom(J(2), E[¢¥])H~ is trivial. As above,
the image of any H y-stable homomorphism from J(2) to E[¢*] is contained in the
Hyr(M)-fixed points of E[¢*]. By Lemma H (M) contains a homothety
which is nontrivial modulo ¢, so we are done since the only fixed point of this
homothety is 0. O

We now turn to the proof of Proposition We start by showing that
we may assume N to be of the form ¢ - leN,p#p. To see this, let N =
ok L1 5 pze P be arbitrary and let N’ := ok [1,nppep- There is an obvious
reduction map J — Gal(Qun+ | Q). The kernel K of this map is a subgroup of
J whose order is divisible only by primes p | N,p # £. Recall that we will be
considering Hom(J, E[¢*])H~ . Let 1 : J — E[¢*] be a homomorphism: we claim
that ¢ factors via the quotient Gal(Qn+ | Qx). Indeed, all the elements in K
have order prime to £, hence they must go to zero in E[¢¥]. Therefore we may
assume N = N’, that is, N = /% - HMN’p#p.

We identify Hy with a subgroup of GLy(Z/(FZ) x 1~ pyze GL2(Z/pZ) and
J with the subgroup of Hy consisting of elements having trivial first coordinate,
and for g € Hy we write g = (9o, gp,s- - -, 9p.) With go € GL2(Z/¢*Z) and g,, €
GL2(Z/p;Z). Finally, for p | N, p # ¢ we denote by mp, : Hy — GL2(Z/p;Z)
the projection on the factor corresponding to p;, and we denote by 7, : Hy —
GL2(Z/¢*Z) the projection on the factor corresponding to .

Lemma 7.14. Let p be a prime factor of N with p > 7, p # £. Suppose that
the modulo-p representation attached to E/Q is surjective. Then J(2) contains
{1} x -+ x {1} x SLo(Z/pZ) x {1} x --- x {1}.

Proof. Clearly PSLy(F),) occurs in Hy. Hence it must occur either in J or in
Hy/J, but the latter is isomorphic to a subgroup of GLy(Z/¢*Z) with £ # p, so it
must occur in J. Consider the kernel of the projection J — [], 4., GL2(Z/qZ):
then PSLy(F,) must occur either in this kernel or in [], v ., GL2(Z/qZ), but
the latter case is impossible. Using Lemma it follows immediately that J
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contains {1} x -+ x {1} x SLo(Z/pZ) x {1} x --- x {1}. We conclude by noting
that SLy(IF,) is generated by its squares. O

Lemma 7.15. Let g € Hy and h € J(2). Then gh € Hy, and the automor-
phisms of J(2)* induced by g and by gh coincide.

Proof. As J(2) is a subgroup of Hy, the fact that gh € Hy is obvious. For the
second statement, notice that for every z € J(2) the element (gh)~'z(gh) differs
from ¢~ 'zg by multiplication by

W g e g)th(g e ),
1

which is a commutator in J(2). Hence the classes of (gh)~'z(gh) and g~lzg are
equal in J(2)2P. O

Lemma 7.16. For each p | N,p # £, the component g, of g along GLo(Z/pZ)
normalises m,(J(2)) in GLo(Z/pZ).

Proof. Since Hy normalises J(2) by Lemma we have m,(g71J(2)g) =
7p(J(2)). On the other hand, m,(¢7'J(2)g9) = m,(g) *mp(J(2))m,(g), so that
as desired we obtain g, 'm,(J(2))g, = m,(J(2)). O

Corollary 7.17. Let p1,...,ps = 7 be primes all different from £ and such that
the mod-p; representation attached to E/Q is surjective for each p;. Let g € Hy
and let g be the element of GLy(Z/NZ) obtained by replacing every p;-component
(fori=1,...,s) of g by Id. Then g normalises J(2), and it induces on J(2)*P
the same conjugation action as g>.

Proof. By Lemma if we multiply g2 by any element of J(2) the conjugation
action on J(2)*" does not change. By construction, the determinant of 7, (g2)
gzi is a square in F, say A2, Tt follows that the determinant of gﬁi/ A; s
so g2 /\i € SLy(Z/piZ). By Lemma we have that J(2) contains h;
(1,1,..., 17912n//\i’ 1,...,1). Letting h = hy---hs, we obtain that the action of
g?h~! is the same as that of g?. But the element

Rl

p=1,.. . LAL1, . 1) (1, LA, L 1)

is central in GLg(Z/NZ), so g2 = g?h~ =1 normalises J(2) and it induces the
same action as g2 on J(2)2P. O

Let M = lem{expPGLy(F,) : p € To}, where expPGLy(F,) denotes the
exponent of the group PGLy(F)).

Remark 7.18. Notice that M is even. Moreover, for any g € GL2(Z/NZ) and
any p € To with p | N and p # £ we have that m,(g") is a scalar in GLy(F,),
since it is trivial in PGLg(F,).
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We now prove Proposition |[7.13] using the constant M just introduced.

Proof of Proposition[7.13] Write as before g = (g,). We divide the prime factors
of N different from ¢ into three sets as follows:

Po = {p | N such that p € To, p # £},
Py = {p| N such that H, = GLy(F,), p # ¢},
P2 = {p| N such that H, is conjugate to a subgroup of Nys(p), p # £} .

Notice that by Theorem |3.15| each prime factor of N different from ¢ belongs to
one of these three sets.

We now apply Corollary with {p1,...,ps} = P1 to obtain an element
g € GL2(Z/NZ) such that m,(g) = Id for every p € P; and such that g% induces
on J(2)®P the same conjugation action as g2. In particular, g™ induces on J(2)2P
the same conjugation as g™ (recall that M is even).

We now prove that this conjugation action is trivial by showing that g™
commutes with every element of J(2). It suffices to show that for each p | N the
projection 7,(g™) commutes with every element of 7,(J(2)).

(i) Case p € Py: by Remark mp(g™M) is a scalar, thus it commutes with
all of GLo(F,).

(ii) Case p € P1: by construction m,(g™) is trivial.

(iii) Case p € Pa: by Corollary applied to m,(g), there is h € GLa(F,)
such that 7,(g) € hNps(p)h™" and H, C hNps(p)h~1. Since M is even
and Cps(p) has index 2 in Nys(p), mp(g™) € hCus(p)h~! and m,(J(2)) C
(a® | a € H,) C hCys(p)h~t. Since Cps(p) is abelian, m,(g") commutes
with every element of m,(J(2)).

(iv) Case p ={: by construction m,(J(2)) is trivial.
O
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Chapter 2

Some uniform bounds for
elliptic curves over

by Davide Lombardo and Sebastiano Tronto [LT21b]

1 Introduction

Let E/Q be an elliptic curve. Our purpose in this paper is to provide universal
bounds on several arithmetically relevant quantities attached to F, and more
precisely to its Galois representations. For each prime ¢ we denote by Gy the
image of the ¢-adic Galois representation attached to F/Q, and by G, the image
of the adelic representation (see Section for details). We provide in particular:

1. a uniform upper bound for the index [Z; : Z; NGye] (Theorem [3.16)), that
is, we show that for every prime ¢ the subgroup of scalars in the /f-adic
image of Galois contains a fixed subgroup of Z,* for all elliptic curves E/Q;

2. a uniform upper bound on the exponent of the cohomology groups
HY(G oo, E[N]), for all positive integers N (Theorem [4.8));

3. a uniform lower bound for the closed Z,-subalgebra Z;[Gy~] of Matax2(Zy)
generated by Gy C GLo(Zg) C Mataxa(Zs): for each prime ¢ we com-
pute an optimal exponent my, such that Z;[Gy~] contains £ Matax2(Z¢)

(Theorem [5.8));

59
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4. a uniform lower bound on the degrees of the relative ‘Kummer extensions’
(Section@, that is, the extensions Q(+ -, E[N])/Q(E[N]) obtained by ad-
joining all N-torsion points of E and all N-division points of a fixed rational
point & € E(Q) (Theorem [6.5), provided that a and all its translates by
torsion points are not divisible by any d > 1 in the group E(Q).

We now elaborate on each of these four topics. It is well-known that, for a
fixed prime ¢ and number field K, the images of the f-adic Galois representations
attached to non-CM elliptic curves over K admit a uniform upper bound for the
index [GLy(Z¢) : Gy] (see for example [Ara08]). Since the CM case is easy to
handle, this implies the existence of a bound as in (1). However, the result of
[Ara08] is not effective, and a great deal of work has gone into classifying the
possible f-adic images of Galois even just for elliptic curves over Q (the so-called
‘Program B’ of Mazur), see for example [Maz77, RZBT5| [Zyw15a], [BP11], [LFL21]
GRSS14] [Gre12]. Our results on (1), which rely heavily on many of these previous
developments, give a complete answer for all primes ¢ # 3, and a rather sharp
bound also for the remaining case £ = 3. With the exception of the case ¢ = 2,
that was already treated in [RZB15], we prove our estimates by group-theoretic
means (see in particular the criteria given by Corollaryand Proposition.
The advantage of such an approach is that our methods can easily be extended
to number fields other than Q. The price to pay is that we don’t get the sharpest
possible result for ¢ = 3, a direction we have decided not to pursue further also
due to the very recent work of Rouse, Sutherland and Zureick-Brown [RSZB21]
on the complete classification of 3-adic images of Galois for elliptic curves over
Q with a rational 3-isogeny (see also Remark.

Concerning (2), there is already a significant past literature on controlling the
cohomology groups H'(G e, E[(*]), see for example [LW15], [Coa70, Lemma 10]
and [Cre97, Section 3]. Kolyvagin’s celebrated work on the Birch-Swinnerton-
Dyer conjecture also needs to rely on vanishing statements for the Galois H'!
of the ¢-torsion of elliptic curves [Gro91l, Proposition 9.1]. In this paper we go
beyond the known results in two different ways. On the one hand, we extend
the statements in [LW15] by giving a uniform upper bound on the exponents of
all the cohomology groups H!(Gy, E[¢¥]), where [LW15] mostly gave vanishing
conditions and did not extensively treat the cases when the cohomology does not
vanish. As we show in Section[7] these results for a fixed prime ¢ are rather sharp.
Secondly, and more importantly for our application (4), we also treat the Galois
action on the N-torsion of elliptic curves when IV is not necessarily a prime power.
While the case N = ¢* follows easily from the existence of non-trivial scalars in
the image of Galois, the general case introduces a number of additional compli-
cations, connected with the possible ‘entanglement’ of torsion fields at different
primes. Since not even the classification of possible {-adic images is complete, the
problem of describing all possible entanglements between torsion fields seems to
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be out of reach for the moment (but see [Mor19], [CS19] §3], [CP20] and [DLM21]
for some positive results), so the computation of H!(Gy, E[N]) cannot be ap-
proached directly. We are still able to obtain useful information on this group (in
particular, prove Theorem by using the inflation-restriction exact sequence
and controlling the amount of entanglement by using our results on scalars and
the uniform bound on the degrees of prime-degree isogenies (Mazur’s theorem).
As in the case of (1), the intermediate technical results on the way to the proof of
Theorem should hopefully apply in more general situations (see in particular
Propositi. Our numerical estimate on the exponent of H'(Go, E[N]) is
nowhere near as sharp as the corresponding bounds for the special case N = ¢*,
but notice that (unlike in that case) it is not a priori clear that a uniform bound
should even exist. We had in fact already shown the existence of such a bound
in [Chapter[I], but the result was not effective.

We remark that we have chosen to formulate our bounds in terms of divis-
ibility: we prove that multiplication by a suitable universal constant e kills the
abelian group H'(G, E[N]), and therefore the exponent of this group divides
e. The numerical constant would be much smaller if we instead formulated the
result as an inequality (that is, if we were content with knowing that the expo-
nent of H'(G, E[N]) does not exceed a certain constant e’), but we feel that
our version will be more useful in applications. In particular, we would like to
stress that — even ignoring the non-effective parts of the argument — the ideas
of [Chapter [1] would lead to a (divisibility) bound for H'(G, E[N]) involving
primes up to several millions, while the value of e that we find with the new,
more streamlined proof given in the present paper is only divisible by the primes
up to 11 (which, as we show in Section |7} all need to appear as factors of ¢). In
other words, while our constant e is probably not optimal, it is at least supported
on the correct set of primes.

The algebra Z[Gy=] considered in (3) is also a classical object in the field of
Galois representations, and its analogues in arbitrary dimension most famously
play an important role in Faltings’s proof of his finiteness theorems for abelian
varieties. While in many applications one needs control over the actual image
of Galois Gy, in several cases it is enough to get a handle on the sub-algebra
of Matox2(Zy¢) generated by it. In the hope that it will be useful in such cases,
we give explicit values my with the property that £™¢ Matayo(Z) is contained in
Z¢]|G o] for all elliptic curves E/Q, and we show that these values are optimal.

Finally, (4) was our original motivation for the work done in this paper: we
had already shown a similar result in [Chapter , but (lacking all the previous
information (1), (2), (3)) we could not make it explicit, or in fact even effective.
With all the preliminary work done in [Chapter [I] and in the other sections of this
paper, the desired result on Kummer extensions is now easy to prove. Notice that
the assumption on the (in)divisibility of the point « is necessary: if & = N for
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some rational point 3 then Q(+ c, E[N]) coincides with the torsion field Q(E[N]),
and clearly no non-trivial lower bound for [Q(+ a, E[N]) : Q(E[N])] exists in this
case. On the other hand, it is possible to relax this assumption if one is willing
to accept a bound that depends on the largest integer d such that « is d-divisible
in B(Q)/E(Q)tors, but not on the curve E, see [Chapter [I, Remark 7.2].

We make two final comments. In order to get completely uniform results, we
also need to treat the case of CM elliptic curves: while the proofs are generally
easier than their non-CM counterparts, they are genuinely different and require
some additional observations. In several cases we also prove sharper results in
this context (see in particular Theoremfor a bound on the cohomology groups
attached to CM elliptic curves over number fields). For this reason, while it is
clear that one can obtain uniform statements that do not distinguish between CM
and non-CM curves (essentially, by taking the maximum of the bounds in the two
cases), we have chosen to formulate most of our results with a clear distinction
between the two situations.

Finally, we would like to point out that much of what we do in this paper
can be extended to number fields K having at least one real place, at least if one
is ready to believe the Generalised Riemann Hypothesis. Indeed, under GRH,
the uniform boundedness of isogenies of elliptic curves over K holds by [LV14]
Corollary 6.5]. Concerning the four topics above, we have already pointed out
that (1) is known to be true for all number fields, and the group-theoretic criteria
of Propositions and can in most cases make this explicit (in terms of
a bound on the possible degrees of cyclic isogenies). As for (2), the proof of
Theorem [£.§ can be repeated almost verbatim once one knows that the subgroup
of scalars in Gy is uniformly lower-bounded for all ¢ and that the degrees of
cyclic isogenies are also bounded. A bound as in (3) follows from Proposition
Proposition and Corollary Finally, by the results of [Chapter[1] a bound
as in (4) can be obtained as a consequence of all the above. We do not pursue this
observation further since the result would in any case be conditional on GRH,
but we hope to have convinced the reader that the techniques in this paper have
wider applicability than just the case of rational numbers.

1.1 Structure of the paper

In Section [2| we recall some basic properties of ¢-adic numbers and of subgroups
of GLa(FFy) for ¢ a prime number. We also introduce our notation for the Galois
representations attached to elliptic curves. In Section [3] we prove our first main
results, Theorems|3.16|and Proposition|3.18] which give a uniform lower bound for
the subgroup of scalars in the image of Galois representations attached to elliptic
curves over Q (in the non-CM and CM case respectively). In Section we deduce
from this an estimate on the exponent of the first cohomology group for the action
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of Galois on the torsion points of an elliptic curve E/Q, see Theorem and
Theorem (which covers the CM case for elliptic curves over arbitrary number
fields). In Section |5 we describe the Z,-subalgebra of End(Z2) generated by
the image of an ¢-adic Galois representation attached to an elliptic curve over
Q. Finally, in Section [f] we combine the previous results to study the Kummer
theory of elliptic curves over @, leading to a uniform estimate on the degrees
of Kummer extensions (Theorem . Section |Z| gives some explicit examples
showing that at least some of our estimates are not too far from optimal. The
group-theoretic Appendix contains the proof of an auxiliary result needed in
Section [3] to study the case of 3-adic Galois representations.

1.2 Acknowledgements
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Rouse and Michael Cerchia for fruitful discussions, for informing us of their work
in progress, and for suggesting some improvements to our results.

2 Preliminaries

2.1 The /-adic numbers

For every prime ¢ we denote by Z, the ring of ¢-adic integers, which we regard as
a profinite (topological) ring, and by v, the f-adic valuation on Z,. We denote by
ZZ the underlying abelian group of Z,, which is topologically generated by any
element of f-adic valuation 0, and by Z, its group of units. For n > 1 we let 1+
"7y = {x € Zy | ve(x — 1) > n}. Since the subgroup ("Z, of Z] is topologically
generated by any element of valuation n, from [CohQ7, Proposition 4.3.12] one
obtains:

Lemma 2.1. Let n be a positive integer and let £ > 2 be a prime. Let G be a
closed subgroup of Z; . If there is X € G such that ve(A—1) = n, then G contains
1+ 67Z,.

There is group homomorphism F; — Z,, the Teichmiiller lift, that sends
every A € F* to the unique A € Z such that X = X\ and A = A (mod ¢) (such a
\ exists by Hensel’s lemma). The following well-known lemma (see e.g. [Gou97,

Corollary 4.5.10]) shows that Z, is generated by 1+ ¢Z, and by the Teichmiiller
lifts of all elements of F/, a fact that will be used in Section

Lemma 2.2. The short exact sequence

114402 -7 -F; —1
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1s split by the Teichmdiller lift.

If m and n are positive integers we extend vy to the additive group of m xn ma-
trices with coefficients in Z, as follows: if A = (asj)1<i<m, 1<i<n € Matyxn(Ze)
we let vp(A) := min {ve(a;;) | 1 <i<m, 1 <j<n}. The following is proven by
an immediate induction on ve(n):

Lemma 2.3. Let s be a positive integer and let h € GLg(Zg). If ve(h —1d) > 0,
then ve(h™ — Id) > wve(n) for all positive integers n.

2.2 Cartan subgroups of GLy(F,)

We recall the definition and basic properties of Cartan subgroups of GLq(F,)
when / is an odd prime.

Definition 2.4. Let £ > 2 be a prime and let § € F,*. We call

Cy(0) = {( z 5;/ ) | 2,y € Fy, 22 — 0y? # o} C GLy(Fy)
the Cartan subgroup of GLa(F,) with parameter §. We call Cy(6) split if § is a
square in Fy, and nonsplit otherwise. We also denote by Ny(d) the normalizer of
Cg((s) in GLQ(F[)
Remark 2.5. Let A € F/*. Conjugating C¢(8) by (3 (1)> gives Cy(6)A?), so that

a Cartan subgroup is determined (up to conjugacy in GLo(FFy)) by the class of
§ € F/F;2, that is, only by whether or not 4 is a square in F'.

Lemma 2.6 ([LP17, Lemma 14]). Let £ > 2 be a prime and let 6 € F,;. The
Cartan subgroup C¢(8) has index 2 in Ny(8). More precisely, we have

v = (o ) e,

Remark 2.7. Let ¢ > 2 be a prime and let § € F;. Considering the matrix

g = < } _11 ), whose inverse is %g, one sees that Cy(1) is conjugate to the

subgroup

Cr(1) = gCu(1)g~" = {( by > |t,we1F;}

of GLa(FFy), whereas for § # 1 it is conjugate to

w Tr — Eew

Cy(e) == gCy(d)g™! = {( Trew  —w ) | z,w € Fy, 2% + (1 — 2)w? # 0}
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where € = %. Similarly, N,(d) is conjugate to

N =i |

O =

)-cite).

which is the normalizer of C} (¢).

2.3 Subgroups of GLy(F,) and GLy(Z,)

Since we will need to rely on it several times throughout the paper, we remind
the reader of the well-known classification of maximal subgroups of GLy(Fy),
traditionally attributed to Dickson. For ¢ = 2 the group GLo(IF3) is isomorphic to
S3, so its subgroup structure is well-known. Assume now that ¢ > 2. Recall that
a subgroup G of GLy(TFy) is said to be Borel if it is conjugate to the subgroup of
upper-triangular matrices, and is said to be exceptional if its image in PGLo(FFy)
is isomorphic to Ay, Sy or As. Also recall the definition of Cartan subgroups from
the previous section.

Theorem 2.8 (Dickson’s classification, cf. [Ser72, §2]). Let £ > 2 be a prime
number and G be a subgroup of GLo(Fy).

o [If ¢ divides the order of G, then G either contains SLa(Fy) or is contained
in a Borel subgroup.

o [f ¢ does not divide the order of G, then G is contained in the normaliser
of a (split or nonsplit) Cartan subgroup or in an exceptional group.

To handle the profinite groups that arise as Galois representations attached
to elliptic curves we will find it useful to employ a notion first introduced by Serre
[Ser97, TV-25]. We say that a non-abelian finite simple group ¥ occurs in the
profinite group Y if there exist a closed subgroup Y; of Y and an open normal
subgroup Y5 of Y7 such that ¥ 2 Y;/Y;. We notice in particular that PSLa(Fy)
occurs in GLa(Z,). We will also need the following fact: for every exact sequence
of profinite groups 1 - N — G — G/N — 1 and every non-abelian finite simple
group X, if ¥ occurs in G then it occurs in at least one of N and G/N (and
conversely), see again [Ser97), IV-25].

2.4 Galois representations and torsion fields of elliptic curves

Let K be a number field and E/K be a fixed elliptic curve. We will say that E
is non-CM if End#(E) is Z, or equivalently, if E' does not have CM over K. We
will denote by s the group of all torsion points in E(K). Consider, for each
positive integer N, the natural Galois representation

pn : Gal(K | K) — Aut(E[N])
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afforded by the N-torsion points of E(K). We will often assume that a basis of
the free Z/NZ-module E[N] has been fixed, and therefore regard the image Gn
of py as a subgroup of GLs(Z/NZ).

We denote by Ky the field fixed by the kernel of py, or equivalently the
Galois extension of K generated by the coordinates of all N-torsion points of F.
When N = ¢" is a prime power, by passing to the limit in n we also obtain the
group Gy = Gal (K(E[(>°]) | K), which we consider as a subgroup of GLz(Zy),
and the corresponding fixed field Ky~ = Un>1 Kyn. Finally, we also denote by
K the field generated by the various Ky~ as £ varies. One can also define the
adelic Tate module TE := l&n ~E [N], isomorphic to Z?2, and the adelic Galois
representation po, : Gal(K | K) — Aut(TE). The Galois group Gal(K, | K) is
then isomorphic to the image G of p (hence to the inverse limit lim - Im PN)s

and may be considered — up to the choice of an isomorphism T'E = 72 — as a
subgroup of GLy(Z). Finally we remark that, since all the representations py
are continuous and Gal(K | K) is a compact Hausdorff topological group, all
the groups just introduced are compact, and therefore closed in their respective
ambient spaces.

2.5 Modulo ¢ Galois representations of elliptic curves over Q

Our focus will be on elliptic curves defined over the field of rational numbers. The
Galois representations attached to such curves have been studied extensively, and
a number of powerful results on their possible images have been proven. We will
in particular need to rely on a famous theorem of Mazur concerning the degrees
of cyclic isogenies of elliptic curves defined over Q. To state it, let

To := {p prime |p <17} U{37}.

Theorem 2.9 ([MGT78| Theorem 1]). Let p be a prime number and E/Q be an
elliptic curve, and assume that E has a Q-rational subgroup of order p. Then
p € ToU{19,43,67,163}. If E does not have CM over Q, then p € To.

3 Scalars in the image of Galois representations

Let E be an elliptic curve over a number field K and let £ be a prime number.
Our purpose in this section is to study the intersection Gy N Z; - Id, that is,
the subgroup of scalar matrices in the image of the ¢-adic Galois representation
attached to E/K. We will focus mostly, but not exclusively, on the case K = Q.
The main result is Theorem [3.16] which — for each prime ¢ — describes a subgroup
of Z; -1d that is guaranteed to be contained in Gye for all non-CM elliptic curves
over Q (see also Proposition for the CM case). To simplify the notation,
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we will often identify (Z/¢"Z)* (resp. Z,) with the subgroup (Z/¢"Z)* - 1d
(resp. Z, -1d) of GLy(Z/0"7Z) (resp. GL2(Zy)).

Since it helps understanding the relevance of the criteria in the next sub-
section, we briefly contextualise the group-theoretic properties we are going to
consider in terms of the Galois representations attached to elliptic curves over Q.
Let E/Q be an elliptic curve and let Gy (respectively Gy) be the image of the
corresponding ¢-adic (respectively mod ¢) Galois representation. To begin with,
one has det(Gy=) = Z;, because for 0 € Gal(Q | Q) the determinant of py (o)
is simply X (0), and it is well-known that the ¢-adic cyclotomic character y o
is surjective. Moreover, when E is non-CM and ¢ ¢ 7y, by Theorem we know
that Gy acts irreducibly on E[f]; in particular, this holds for all £ > 37. We
prove in Lemma below that if Gy acts irreducibly on E[¢] and ¢ | #G; then
Gyoo = GLy(Zy), so the most interesting case (for ¢ large) is £ 1 #Gy. In this
case [Zywl15a), Proposition 1.13] (or equivalently [LFL21l Appendix B]) shows
that (up to conjugacy) there are only two possibilities for Gy, namely a non-split
Cartan subgroup or the unique index-3 subgroup thereof. These are therefore
the most interesting situations, and are explored in Corollary Finally, no-
tice that the image of a complex conjugation in Gy is a matrix of order 2 with
determinant —1, so — up to conjugation — when ¢ > 2 we may assume that it is

0 1

10
of Proposition

. This explains the relevance of this specific matrix for the statement

3.1 Group-theoretic criteria

In this section we establish several criteria that guarantee that a closed subgroup
G of GL2(Z¢) contains an (explicit) open subgroup of Z,. A further result of
the same kind, whose proof is however more involved, is stated and proved in
Appendix The criteria in this section will be expressed in terms of Gy,
the image of G under reduction modulo ¢. More generally, we will employ the
following notation:

Notation. Let G be a subgroup of GL2(Z;). We denote by Gy~ the image of G
under the reduction map GL2(Zy) — GLo(Z/("Z).

Lemma 3.1. Let £ be a prime and let g € GLy(Z¢) be such that g = X1d (mod /)
for some X\ € F). Let moreover \ € Z, be the Teichmiller lift of \. Then the
sequence {g"" }ns1 converges to A1d € GLa(Zy).

Proof. By Lemma we can write g = Ak, where h = Id+lh, € GL2(Zy) is
congruent to the identity modulo £. Then for any n > 1 we have g =N =
A", By Lemmawe have that ve((Id +¢h;)*" —1Id) > n for every n > 0. This
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means that the sequence {hzn}n% converges to Id, hence {gen }n>1 converges to
Ad. O

Corollary 3.2. Let £ be a prime and let G be a closed subgroup of GLa(Zy).
Suppose that the image of G in GLo(F;) contains A1d for some A € ). Then G

contains \1d.

Proof. Let g € G reduce to AId modulo £. By the previous lemma the sequence
{gzn} converges to AId, so this is an element of G since by assumption G is
closed. 0

The following result can be found in [Zywll] Lemma 2.5], but we include the
proof here for ease of reference.

Lemma 3.3. Let n be a positive integer, let £ > 2 be a prime and let G be a
closed subgroup of GLa(Zy). Let

H,={geG|g=1Id (mod(")}.
If det(G) = Z; and £t #Gy, then det(H,) =1+ ("Z;.

Proof. Clearly det(H,) C 1+ {"Z,, so we only need to prove the other inclu-
sion. Since det(G) = Z; there is g € G such that det(g) = 1+ ¢. Then by

Lemma the element h := g¢"  #C¢ satisfies h = Id (mod £), so it belongs
to H,,. Moreover

det(h) = (1+ 0" " #G =1 4 #Go"  (mod ")

and since ¢ 1 #G; we have vi(det(h) — 1) = n. By Lemma we conclude that
det(H) contains 1 + £"Z,. O

We now come to our criterion for the existence of scalars in G when ¢ 1 #G,.

Proposition 3.4. Let £ > 2 be a prime and G be a closed subgroup of GLa(Zy)

such that det G = Zéx, Assume that G, contains T = < (1) é > and that £ 1 #G,.

1. Suppose that Gy contains an element u for which one of the following holds:

(a) u anti-commutes with 7, that is, ut = —Tu;
(b) there exists e € F; \ {1} such that for all antidiagonal matrices A =

0 =z —1 _ 0 ET
(y 0) we have uAu~" = (Ely 0).

Then G contains 1 + £Z;.
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2. Suppose that one of the assumptions of (1) holds, and that moreover Gy
contains F). Then G contains Z; .

Remark 3.5. It is immediate to check that the following elements of GLg(Fy)
have the property required to apply part (1):

(la) u= <_ab _ba), where a,b € F, are such that det(u) = b% — a2 # 0.

(1b) u = (8 2) with a,b € FX, a #b.

Proof. By Lemma [2.1] the element 1 + ¢ generates 1 + ¢Zg, so it suffices to prove
that (1 + ¢)1Id is in G. For this it suffices to show that (1 + ¢)Id is in Gyn for
every n > 1. We prove this by induction. For n = 1 the statement holds trivially,
so assume that (1 + ¢) Id belongs to Gen and let C = (1 + £) Id +£" B be a lift of
this element to Gyn+1, which exists because the map Gyn+1 — Gyn is surjective.
Notice that we may consider B as an element of Matgy2(F,). In addition, if
n = 1, thanks to Lemma we may assume that det(C) # 1 (mod ¢?), and
consequently that tr(B) # —2 (mod ¢). If 7 is any lift of 7 to Gyn+1, the element
C'=C7C7 ! = (1 +0)1d+"B) (1 + ) 1d+"7BF 1)
=(1+021d+(1+ O)"(B +7B7 1) + *"B7B7 !
=(1+0)?1d+"(B+7B7 ') (mod ¢"*)

is in Gyn+1. Notice that D := B + 7B7~! is congruent to ( Z 2 > modulo /£,
where @ = tr(B) and b € F,.

e Suppose that G, contains an element v as in part (1a). Then

uDu™' = < —ab _ab ) (mod ¢).

If 4 € Gyn+1 is a lift of u, the group Gyn+1 contains

C'aC'u' = ((1+0)*1d+"D) ((1 + £)*1d +L*aDu ")
_ 2 n a b 2 n a —b
(apane (2 0)) (aserare (7 )
=(1+6)*Td+2a("1d (mod ¢"*1)

which is a scalar matrix congruent to 1 + 4¢ modulo ¢2 if n > 1 or to
1+2(2+4a)ifn=1.



70 CHAPTER 2. UNIFORM BOUNDS FOR ELLIPTIC CURVES OVER Q

e Suppose that Gy contains an element u as in part (1b). Then we have
k
Lk —k a be
Dy, :=u"Du _(bek a>'

Letting @ be a lift of u to Gyn+1 we obtain that for every non-negative
integer k the group Gyn+:1 contains

a*C'u T = (14 0)%1d +4" Dy,.

=2 |

Thus, using the fact that )~ e" = =—= = 0, we see that Gynt1 also
contains
2 -2
[[&c'a™ =] (1 +0?1d+£"Dy)  (mod ")
k=0 k=0
=2
= (140D Id+"1+ 0D "Dy, (mod ')
k=0

= (140D 1d - (g 2) (mod ¢"F1),

which is a scalar matrix congruent to 1 — 2¢ modulo ¢? if n > 1 or to
1—-24a)ifn=1.

In any case, using our assumption that a = tr(B) Z —2 (mod £) if n = 1, we
see that Gyn+1 contains a scalar matrix AId with v,(A — 1) = 1. We can now
apply Lemma to the subgroup of Z, given by the inverse image of Gyn+1 N
(Z/€17Z)* under the natural projection, and we conclude that (1+£) Id € Gyn+:
as desired.

Finally, if F is contained in G;, Lemma shows that G contains a Te-
ichmiiller lift of every element of F;. By Lemma this is enough to conclude
that G contains Z, . O

Lemma 3.6. Let ¢ > 5 be a prime number and G be a closed subgroup of GLa(Zy).
Suppose that det(G) = Z). If € | #G¢ and Gy acts irreducibly on F?, then
G = GLy(Zy).

Proof. Since £ | #Gy, the classification of maximal subgroups of GLy(F,) (The-
orem shows that either Gy is contained in a Borel subgroup of GLa(Fy),
or Gy contains SLo(Fy). However, any subgroup of a Borel acts reducibly on
IF% by definition, hence we see that G, contains SLy(Fy). By a lemma due to
Serre (see [Ser97, IV-23, Lemme 3] and [LomI5, Lemma 3.15] for this exact ver-
sion), this implies that G contains SLa(Z,). From det(G) = Z; we then obtain
G = GL3(Zy) as desired. O
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Corollary 3.7. Let £ > 2 be a prime and let G be a closed subgroup of GLa(Zy)
with det(G) = 7, . Suppose that (at least) one of the following holds:

1. Gy € GLy(Fy) contains (up to conjugacy) the normaliser of a split or non-
split Cartan, and if £ | #Gy then £ # 3.

2. £ =2 (mod 3), and Gy C GLy(F¢) contains (up to conjugacy) the subgroup
of cubes in the normaliser of a non-split Cartan.

Then G contains Zéx.

Proof. Suppose first that £ | #G, (hence in particular £ > 3). The normaliser
of a (split or non-split) Cartan, or an index-3 subgroup of a non-split Cartan,
acts irreducibly on F?, so Lemma implies G = GL2(Zy), which in particular
contains 7, .

Suppose on the other hand that ¢ + #G,. Notice that — since the scalar
matrices are contained in the centre of GLy(Z) — the conclusion of Proposition
is invariant under a change of basis for Z2, so it suffices to check that the group
G satisfies the hypotheses of Proposition [3.4] after a suitable change of basis.

1. By what we already remarked, and up to conjugation in GLzy(Zy), we may
assume that G, contains the group N/ (g) described in Remark or an
index-3 subgroup thereof. The explicit description shows that every group

of the form N/ () contains ( 0

1 . . - .
10 ) ; since this matrix is equal to its cube,

( 01 ) is also contained in the subgroup of cubes in N/ (¢).

1 0
The normaliser of a split Cartan subgroup contains all anti-diagonal matri-
. . . . -1 .
ces, hence in particular it contains u = (1) 0 /) The normaliser of a
. . -1 .
non-split Cartan contains u = ( i . ) Finally, the subgroup of cubes
e —-1\° e —1
of such a normaliser contains 1 e =(2-1) 1 ) In all

cases we have thus shown that Gy contains an element of the form required
to apply Proposition (1), see Remark

2. As for hypothesis (2) of Proposition observe that all scalar matrices are
contained in the normaliser of every (split or non-split) Cartan subgroup of
GL2(F;). When ¢ = 2 (mod 3) they are also contained in the subgroup of
cubes of a non-split Cartan: indeed, in this case x — z3 is an automorphism
of F/, so every scalar matrix is a cube.

O
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3.2 Scalars in the presence of an isogeny

We now specialise to the case of G = Gy~ C GLa(Z,) being the image of the
(-adic representation attached to an elliptic curve E/Q. Our aim is again to
prove that G contains an (explicitly identifiable) subgroup of Z,. We begin by
considering the case when ¢ > 7 and F admits an isogeny of degree ¢ defined over
Q. The relevant results are essentially already in the literature, and in this short
section we reformulate them in the form needed for our applications.

Definition 3.8 ([GRSS14, Definition 1.1]). Let ¢ be a prime. An elliptic curve
E over Q is called /-exceptional if E has an isogeny of degree ¢ defined over Q
and Gye does not contain a Sylow pro-¢ subgroup of GL2(Zy).

Combining [Grel2, Theorem 1] with [Grel2, Remark 4.2.1] and [GRSS14]
Theorem 5.5] one obtains:

Theorem 3.9. Let { > 7 be a prime. There are no non-CM £-exceptional elliptic
curves defined over Q.

For the case ¢ = 5 we instead rely on the following result:

Theorem 3.10 ([Grel2, Theorem 2]). Let E/Q be a non-CM elliptic curve.
Suppose that E has an isogeny of degree 5 defined over Q. If none of the elliptic
curves in the Q-isogeny class of E has two independent isogenies of degree 5, then
E is not 5-exceptional. Otherwise, the index [GLa(Zs) : Gse] is divisible by 5,
but not by 25.

Corollary 3.11. Let E/Q be a non-CM elliptic curve, let £ > 5 be a prime
number, and suppose that the Galois module Ef] is reducible. Then Gy contains
14+ 0Zy.

Proof. A specific Sylow pro-¢ subgroup S of GLy(Z,) is given by

S{(Z Z)EGLQ(ZgHadl (mod ¢), ¢ =0 (modf)}.

It is clear that 1 + ¢Z, is contained in S. However, since all the pro-¢ Sylow
subgroups of GLy(Z,) are conjugate to each other and 1+ ¢Zy lies in the center of
GL2(Z¢) (hence is stable under conjugation), it follows that 1+ ¢Z, is contained
in all the Sylow pro-¢ subgroups of GLy(Z¢). For £ > 7 the statement then
becomes a direct consequence of Theorem [3.9] For ¢ = 5 the claim similarly
follows from Theorem [3.10]if no elliptic curve in the Q-isogeny class of E admits
two independent 5-isogenies. To treat this last case, observe that the intersection
Gy NZ; is the same for all the elliptic curves in a given Q-isogeny class (see
e.g. [Grel2l §2.4]), so we may assume that E admits two independent 5-isogenies
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defined over Q. In particular, the Galois module E[5] decomposes as the direct
sum of two 1-dimensional modules, which implies that in a suitable basis G5
consists of diagonal matrices. Hence [GLy(F5) : Gs] is divisible by 5, and on the
other hand 25 t [GL2(Zs5) : G| by Theorem again. It follows immediately
that ker(GLa(Zs) — GL2(F5)), which is a pro-5 group, is entirely contained in
G5, hence in particular that 1 4+ 5Z5 C G5, as desired. O

3.3 The 3-adic case

Let E/Q be a non-CM elliptic curve. Relying on the group-theoretic results of
Appendix we now prove that the 3-adic Galois representation attached to E
contains all scalars congruent to 1 modulo 27. We treat separately the two cases
when the Galois module E[3] is respectively irreducible or reducible.

Irreducible case

When EI3] is irreducible for the Galois action, it is not hard to prove that Gze
contains all scalars:

Proposition 3.12. Suppose E[3] is an irreducible Galois module. Then Ggoo
contains 73 .

1 0 .

0 _1> (the image
of complex conjugation). A short direct computation shows that (up to conju-
gacy) there are only 3 possibilities for G3, namely GL2(F3), a 2-Sylow subgroup,
or the group H := <((1) (1)) , ((1) _01>> of order 8. In particular, in all cases
we may assume that H C G3. The hypotheses of Proposition (2) are then
satisfied, hence Gz~ contains Z . O

Proof. Up to conjugation, we can assume that (G3 contains

Reducible case

We now consider the much harder case when E[3] is reducible under the Galois
action. Our analysis is based on the purely group-theoretic Proposition [2.A.1
To motivate the hypotheses that appear in its statement, we consider a non-CM
elliptic curve E/Q for which the Galois module E[3] is reducible, and denote as
usual by Gz~ the image of the modulo-3™ representation attached to E/Q and
by G3~ the image of the 3-adic representation. The following hold:

1. Any elliptic curve E /Q that is Q-isogenous to E gives rise to a 3-adic Galois
image Gz for which Gge NZ5 = G3~ NZ; (notice that this equality is

independent of the choice of basis for T5F, T3 E), see for example [Grel2]
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§2.4]. For all such curves E/Q, the Galois module E[3] is clearly reducible,
and at least one E of this form does not admit two independent cyclic
isogenies of degree 3 defined over Q. Hence, up to replacing E with E, we
may assume that G3 is contained (up to conjugacy) in a Borel subgroup
and that G3 only fixes one nontrivial Fz-subspace of E[3]. This implies
3| #Gs.

2. Go7 acts on E[27] without fixing any cyclic subgroup of order 27. Indeed,
the three rational points on Xy(27) are two cusps and a single non-cuspidal
point corresponding to a CM elliptic curve [Ogg73| p. 229].

3. det(Gs~) = Z5: as already discussed, this follows from the surjectivity of
the 3-adic cyclotomic character.

4. G3- contains the image of (any) complex conjugation, which is an element
c of order 2 with determinant —1.

We now check that this information is sufficient to apply Proposition [2.A.1
Up to a change of basis, we may assume that the element ¢ € G3 is represented
by the matrix C = ( (1) f)l
Borel of upper- or lower-triangular matrices (see also Remark. Take now H
to be the pro-3 Sylow subgroup of G5 (which is normal, hence unique: it is the
inverse image in G of the 3-Sylow of G5, which is easily checked to be normal).
We claim that this group satisfies all the assumptions of Proposition with
p =3 and k = 3. Hypothesis (1) is satisfied by (1) above. Hypothesis (3) is clear
from the equality det(G3~) = Z5, and (4) follows from the fact that C € Gz~
and H is normal in G3e. As for (2), recall that G3 is contained in the upper- or
lower-triangular Borel subgroup, and this implies easily that Gs- is generated
by H, C, and possibly —Id. Since both C' and —Id are diagonal, we see that
if Hss is upper- or lower- triangular, then so is G3s, contradiction, because we
know that F does not admit any cyclic 27-isogeny defined over Q. Hence from

Proposition we obtain:

Proposition 3.13. Let E/Q be a non-CM elliptic curve for which E[3] is a
reducible Galois module. Then Gse contains all scalars congruent to 1 modulo
27.

. This easily implies that G3 is contained in the

Combining this result with Proposition we have then proved:

Corollary 3.14. Let E/Q be a non-CM elliptic curve. The group Gz contains
all scalars congruent to 1 modulo 27.

Remark 3.15. The results of [RSZB21], which appeared almost simultaneously
to the present work, imply that for every non-CM elliptic curve over Q with a
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rational 3-isogeny the group Gs~ contains all scalars congruent to 1 modulo 9
(hence, by Proposition the same holds for every non-CM E/Q). The proof
in [RSZB21] relies on the explicit determination of the rational points of suitable
modular curves. As pointed out in the introduction, we think our approach —
which derives the result from properties of isogenies (hence relying only on the
more well-studied modular curves Xo(N)) — has the advantage of being easier to
extend to number fields different from Q.

3.4 Main theorem

We are now ready to prove our uniform result for scalars in the image of Galois
representations:

Theorem 3.16. Let E be a non-CM elliptic curve over Q and let £ be a prime
number. Define

4, if 0 =2
)8 ife=3
TV, ife=5,7,11,13,17,37

0, if £ > 19 and £ # 37

The image Gy of the £-adic Galois representation attached to E/Q contains all
scalars congruent to 1 modulo £°¢.

Proof. For ¢ =2 and ¢ = 3 the theorem follows from the results of [RZB15] and
Corollary [3:14] respectively. We may therefore assume ¢ > 5. We distinguish
several cases:

1. the Gy-module E[{] is reducible. The claim follows from Corollary

2. the Gy-module E[{] is irreducible and ¢ | #G,. By Lemma we obtain
Gy = GL3(Zy), and the claim follows.

3. the Gy-module E[{] is irreducible and ¢ t #G,. Suppose first that ¢ > 17:
then the claim follows from [Zyw15al, Proposition 1.13] (the exceptional j-
invariants correspond to elliptic curves for which Gy does not act irreducibly
on E[{], see [Zyw1bal Theorem 1.10]). For ¢ = 5,7,11, Theorems 1.4, 1.5
and 1.6 in [Zywlba] completely describe the possible mod-¢ images Gy.
Since G, acts irreducibly on E[¢] by assumption, we need to consider the
following cases:

(a) for £ = 5, up to conjugacy the group G, contains either the index-3
subgroup of a non-split Cartan or the full normaliser of a split Cartan.
In both cases we may apply Corollary Similarly, for £ = 11, up
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to conjugacy the only possibility is that G is the full normaliser of a
non-split Cartan, and again we conclude by Corollary

(b) for £ =7, up to conjugacy we have that Gy is the normaliser of a (split
or non-split) Cartan subgroup, or that it contains <<(2) 2) , <(1) (2)> ).
The first case is handled as above. In the other case, one checks

that Gy contains , and clearly it contains , so the

01 2 0
1 0 0 4
hypothesis of Proposition (1b) is satisfied (see Remark and
the claim follows.

This only leaves the prime ¢ = 13. By [Zyw15a), §1.6], the maximal proper
subgroups of GL3(IF13) not contained in a Borel are (up to conjugacy) the
normalisers of (split and non-split) Cartan subgroups and the group

a((39)(09)(0I)(A 1)

The main result of [BDM™19| (precisely, Theorem 1.1 and Corollary 1.3
in op. cit.) shows that Gi3 is not conjugate to a subgroup of a (split or
non-split) Cartan. It remains to understand the case G135 C Gg,. Consider
the collection C of subgroups H C Gg, that satisfy all of the following
conditions:

(a) det H = Fy;

(b) H contains an element h with 2? = Id and tr(h) = 0;

(c) the projective image H/(H NF;3) has exponent at least 3;
(d) H acts irreducibly on E[13].

If E is a non-CM elliptic curve over Q such that Gi3 is contained (up to
a choice of basis for F[13]) in Gg, and not contained in a Borel subgroup,
then Gi3 is a member of C: (a) follows from the surjectivity of the mod-
13 cyclotomic character over Q, (b) holds because the image of complex
conjugation has these properties, (c¢) holds by [Dav1ll Lemma 2.4], and (d)
is true by definition. One checks easily that all the groups H in class C
contain both (1) (1) ) and ( _01 (1) >7 hence once again Proposition
(1) applies to show that 1 4+ 13Z13 C G13, as desired.

O

Remark 3.17. Theorem 1.1 in the very recent preprint [BDM™21], combined
with [BC14], gives the finite list of j-invariants of non-CM elliptic curves E/Q
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for which G13 is contained (up to conjugation) in Gg,. For each of these elliptic
curves, the image of Gi3 in PGL2(FF13) is isomorphic to Ss: while this is not
necessary for our proof, it can be used to simplify the case £ = 13 of the previous
argument.

We also have a similar result in the CM case:

Proposition 3.18. Let E/Q be an elliptic curve with CM and let € be a prime
number. Define

3, if =2
ny =<1, if¢ =3,7,11,19, 43,67, 163
0, if ¢ #2,3,7,11,19, 43,67, 163

The image Gy~ of the £-adic Galois representation attached to E/Q contains all
scalars congruent to 1 modulo £"¢. Moreover, for { > 5 the image Gy contains
a scalar not congruent to =1 (mod £).

Proof. Let K be the imaginary quadratic field of complex multiplication of F, let
Ak be its discriminant, and let Ok, ¢ be the endomorphism ring of Eg, seen as a
subring of Ok (here f denotes the conductor of the order Ok ; in Of). It is well-
known that there are 13 possible pairs (K, f), given by K = Q(¢) and f = 1,2,
K = Q(¢) and f = 1,2,3, K = Q(v/=7) and f = 1,2, and K = Q(v/—d)
for d = 2,11,19,43,67,163 with f = 1 (see for example [Sil94, Appendix A,
§83]). If ¢ 1 2fAk, then by [LR18, Theorem 1.2 (4) and Theorem 1.4] the ¢-
adic image Gy contains all scalars. If ¢ | fAg and £ > 2, then Gy~ contains
ZZQ by [LRIS8, Theorem 1.5]: notice that by the above this is only possible for
{=3,7,11,19,43,67,163, and that for £ > 7 the group Zex2 contains scalars not
congruent to +1 (mod ¢). Finally, for £ = 2 we have by [LRI8| Theorems 1.6,
1.7, 1.8] that Ga« contains all scalars congruent to 1 modulo 8. O

Remark 3.19. A slightly worse result can be obtained more easily (without the
need to distinguish cases) by applying [Lom17, Theorem 1.5].

3.5 Complements to Theorem (3.16

For future use, we record here the following modest strengthening of Theo-
rem [5. 16l

Proposition 3.20. Let E/Q be a non-CM elliptic curve. Let ¢ € {13,17,37}.
The image of the £-adic Galois representation attached to E/Q contains a scalar
A with ve(A? — 1) = 0.
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Proof. By Corollary it suffices to show that G, contains a scalar different
from +1. For £ = 17,37, this follows directly from the results of [Zyw15a] (specif-
ically, Theorem 1.10 and Proposition 1.13). For ¢ = 13, by Theorem and the
fact that G13 has surjective determinant we know that G3 satisfies one of the
following:

1. G135 = GLa(F13): in this case the conclusion is obvious.

2. (i3 is contained up to conjugacy in a Borel subgroup: by [Zywlba, The-
orem 1.8], the possible groups that arise in this way all contain a scalar
different from +1.

3. G13 is contained up to conjugacy in the normaliser of a (split or nonsplit)
Cartan subgroup: this is impossible by the main result of [BDM™19).

4. the projective image of G13 is isomorphic to a subgroup of Sy or As: the
claim follows from Lemma [3.21] below.

O

Lemma 3.21. Let G be a subgroup of GLa(F13) having projective image isomor-
phic to a subgroup of Sy or As. Suppose that det(G) = Fy5: then G contains a
scalar different from +1d.

Proof. The hypothesis implies that the cyclic group Fj is a quotient of G, so
G contains an element of order 12. If the claim were false, the projection map
G — PGL4y(F13) would have kernel of order at most 2. The maximal order of an
element in Sy is 4, and in As is 5. It would follow that the maximal order of an
element in G is at most 10, contradiction. O

4 Galois cohomology of torsion points

In this section we show that there exists a universal constant e > 0 such that, for
all elliptic curves F/Q and all positive integers M, N with N | M, the cohomology
group H'(Gal(Qys | Q), E[N]) is killed by multiplication by e (which we denote
by [e]). We also provide an explicit admissible value for e.

We begin by showing that it suffices to consider the cohomology groups
HY(Gw, E[N)).

Lemma 4.1. Let E/K be an elliptic curve over a number field K and let M, N
be positive integers with N | M. Suppose that H' (G, E[N]) is killed by [e]: then
HY(Gal(Kys | K), E[N]) is also killed by [e].
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Proof. Denote by H the kernel of the natural map Goo — Gal(Kjys | K). As H
acts trivially on E[N] by the assumption N | M, the inflation-restriction exact
sequence gives an injection of H'(G/H, E[N]) = H'(Gal(Ky | K), E[N]) into
H'(Gw, E[N]), and the claim follows. O

On the other hand, if H!(Gal(K) | K), E[N]) is killed by [e] for all M divis-
ible by N, passing to the limit in M we also obtain that [e] kills H' (G, E[N]).
The statement we aim for is thus equivalent to saying that, for every E/Q and
positive integer N, the group H'(G, E[N]) has finite exponent dividing e. Our
main tool for bounding the exponent of cohomology groups is the following lemma
(see for example [BRO3, Lemma A.2] for a proof).

Lemma 4.2 (Sah’s Lemma). Let G be a profinite group, let M be a continuous
G-module and let g be in the centre of G. Then the endomorphism x — gx — x
of M induces the zero map on HY(G,M). In particular, if x — gx — x is an
isomorphism, then H'(G, M) = 0.

Remark 4.3. In our applications of Lemma we will have G C GLa(R) for a
certain ring R — either Z;, for some prime £ or Z — and M will be a submodule of
(Q¢/Ze)* or (Q/Z)*. Notice that these objects carry a natural action of GLy(Zj)
and GLg(z) respectively. We will take g to be a scalar multiple of the identity,
that is, g = AId for some A € R*. The conclusion is then that the R-module
HY(G, M) is killed by A — 1; when R = Zj, this is equivalent to saying that
HY(G, M) is killed by ¢v¢(=1),

Generalising the results of [LW15] we now give a uniform result on the coho-
mology of torsion points of elliptic curves over Q for all powers of primes.

Theorem 4.4. Let ¢ be a prime number and let E/Q be a non-CM elliptic curve.
For every m > 1, the exponent of H'(Gys, E[(™]) divides £™, where

3 fort=23,
neg:=<1 fort=>5"711, (4.1)
0 forl>13.

Proof. For ¢ > 2 we apply Lemma (in the form of Remark with g = A1d,
where \ € ZZX N Gy is such that ve(A — 1) = ny. Note that such a A exists by
Theorem and Proposition [3.20]

For ¢ = 2 the proof is based on the classification of all possible 2-adic images
provided by [RZBI5], and is in part computational. As Ga~ is the inverse limit of
the groups Gan, it suffices to show that for all integers n > m > 1 the exponent of
HY(Ggn, E[2™]) divides 8. If G contains a scalar A with va(A—1) < 3 the result
follows immediately from Lemma as above, so let us assume that this is not
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the case. This leaves us with only 8 groups left, namely those with Rouse—Zureick-
Brown labels X238a, X238b, X238c, X238d, X239a, X239b, X239c, X239d. All
of these groups are the inverse images of their reduction modulo 2° and contain
171d. Let now £ : Gan — E[2™] be a 1-cocycle and let A € Gan be the scalar 171d.
Notice that there is nothing to prove if m < 3, so we may assume n > m > 4.
Reasoning as in the proof of Sah’s lemma, we observe that

§(Ag) = €(9A) = (A= 1)&(g) = g - E(A) — E(N).

This formula shows both that 16£ is a coboundary, and that () is such that
g-&(N) — &(N) is divisible by 16 in E[2™]. Imposing this condition for g varying
in a set of generators of Gae (recall that we only have finitely many groups to
test) we obtain that £(\) is divisible by 8. Let us write £(\) = 8a for some
(non-unique) a € E[2™]. As a consequence, we have that for every g € Gan

8-28(g9) =g-&(N) —&(N) =8(g9-a—a).

Letting v be the coboundary g — ¢g-a—a we then obtain that 2£ is cohomologous
to the cocycle 26 — 1, which by the above takes values in E[8]. A direct verifi-
cation, for which we give details below, shows that H'(Gan, E[8]) has exponent
dividing 4 for all » > 3. This implies in particular that 4 - (2§) : Gan — EI§]
is a coboundary, hence a fortiori 8 : Gan — E[2™] is also a coboundary, and
therefore [8] kills H'(Gan, E[2™]) as desired.

To check that H!(Gan, E[8]) has exponent dividing 4 we proceed as fol-
lows. Notice first that by Lemma it suffices to show that [4] is zero on
H'(G3, E[8]). On the other hand, consider an element g € G2 that is the 8-th
power of an element h congruent to the identity modulo 8, and let £ : Go — E|[§]
be any cocycle. As h acts trivially on E[8], the restriction of £ to the subgroup
generated by h is a homomorphism, hence £(g) = £(h®) = 8¢(h) = 0. This proves
that £ factors via the finite quotient

Gox/{g® : g=1d (mod 8)).

For all the cases of interest we know from [RZB15] that G2 contains all matrices
congruent to 1 modulo 2°, hence (¢® : g = Id (mod 8)) contains all matrices
congruent to Id modulo 28. We are thus reduced to considering the group Q :=
Gas/{g® : g =1d (mod 8)) and checking that the exponent of H(Q, E[8]) divides
4, which we do by explicit computations in MAGMA. O

In order to bound the exponent of H'(Gw,, E[N]) we will apply the following
technical result, which is worth stating in a general form.

Proposition 4.5. Let G, be a closed subgroup of GLQ(Z) and for every prime
¢ denote by Gyso the projection of Goo in GLa(Zy). Let Jy be the kernel of the
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projection Goo — GLo(Zg) and J; be the image of Jy in Hp prime GLy(Fp). Fi-
nally let T be any Goo-submodule of (Q/Z)?. Assume that for every prime { there

are a positive integer ay and non-negative integers ng, my such that the following
hold:

1. For all but finitely many primes € we have ve(ag) = ng = my = 0.
For every prime ¢ the exponent of H(G e, T[(®]) divides £™.

For every prime £ there is a scalar g¢ € Gyoo such that ve(ge — 1) < my.

e

For every prime £ and every x € J, the image of [Ge, %] in Jy is contained
in [Je, Jo] for some lift Go € Goo of ge, where gy is as above.

The cohomology group H'(Goo,T) has finite exponent dividing [], ¢7+me+ve(a),

Proof. We will write elements = of G, as sequences (z,), indexed by the prime
numbers p, where each x, is in GL2(Z,). Denoting the ¢-part of T' by T'[(>°] we
have

T =]
0

and since cohomology of profinite groups commutes with direct limits (see [Har20l,
Proposition 4.18]), hence with direct sums, we get

H'Y(Goo, T) = P H' (Goo, TL)).
14

Fix now a prime ¢. The inflation-restriction exact sequence for Jy < G, gives
0 — H' (Gpoo, T[t™]") — H' (Goo, TIE]) — H' (Jo, T[¢>°]) > . (4.2)
Since J; acts trivially on T'[¢>°] we have
T[e>®)7e = T[] and H'(Jp, T[¢*°]) = Hom(J,, T[¢*]),

and the action of Gy~ on the latter group is given, for every g € Gy, every

¢ € Hom(Jy, T[¢>°]) and every = € Jy, by
(99)(x) = gp(3~"2g)

where § € G is any element mapping to g in Gy~ (see for example [Ros95]

Theorem 4.1.20]). By assumption, the cohomology group H'(Gye, T[¢>°]7%) is

killed by £"¢.
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Since every element of T'[¢*°] has order a power of ¢ and the kernel of the
quotient map J, — J, is contained in the product of pro-p groups for p # ¢,
every group homomorphism from J, to T[¢*°] factors via J,. Moreover, since
T'[¢>°] is abelian, we have

Hom(Jp, T[¢*]) = Hom (7}, T[¢>]) .

Assume now that ¢ € Hom(Jy, T[¢>]) is Gye-invariant. For every x € J;
and any lift g € G of g; such that [gs, 2] € [Jy, J¢] (hence in particular
©([ge, x*]) = 0) we have

~—1_ap~

arp(z) = p(x™) = (gep)(x™) = gop(g, 2 Ge) = argep(w),

sowe get ay(ge—1)p(z) = 0. Since ve(ge—1) < my we have that Hom(J,, T[¢(>])Ee

is killed by ¢m«tve(@e) - From these estimates and the exact sequence ([#.2)) we con-
clude that the exponent of H(Gw,T) divides

H gretmetoe(ar)
)
l

as required. O

Remark 4.6. If, in the previous proposition, one does not assume that g, be
a scalar, the conclusion still holds by letting m, be a non-negative integer such
that ve(det(ge — Id)) < my. This may be established by a slight variation of
the argument above: we only need to notice that a¢(g, — Id)¢(x) = 0 implies
agdet(ge — Id)p(x) = 0 (this can be seen for example by multiplying by the
adjoint of g — Id). The more specialised statement given above will allow us to
obtain better numerical constants at the end.

Lemma 4.7. Let G be a subgroup of GLg(z), let G be the image of G under the
quotient map GL2(Z) = [1; ,yime GL2(Fe), and let p > 5 be a prime. If PSLa(F,)

occurs in G (see , then G contains SLa(Fp) x [Tes, {1}

Proof. Consider the kernel N of the quotient map G — [[, GL2(F,). Every
composition factor of NV is abelian, and a composition factor of G that does not
occur in N must occur in G. In particular, since PSLy(F,) is simple and non-
abelian, it must occur in G. Consider now the projection G — H#p GL2(Fy)
and let N’ be its kernel: since PSLy(F,) does not occur in GLy(F,) for ¢ # p,

it must occur in N’. Then by [Ser97, IV-25] we must have that G contains
SLa(Fp) x [T, {1}- [

We now come to our main result on the Galois cohomology of elliptic curves
over Q.
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Theorem 4.8. Let E be a non-CM elliptic curve over Q and let N be a positive
integer. The cohomology group

H'(Gal(Q(Btors) | Q), E[N])
has finite exponent dividing
e:=212 3% x 5% x 73 x 112,

Proof. After fixing an isomorphism Fiors & (Q/Z)2, let Gog € GLy(Z) be the
image of the adelic Galois representation associated with E/Q and let Gy, Jy
and J, be as in the statement of Proposition For every prime £ we let ny be as
in Equation and Ay € Gy be a scalar such that vy(Ag —1) = ng+vp(2) and,
for £ > 13, such that A? # 1 (mod ¢). The elements \; exists by Theorem
and Proposition [3:20] Let g € G be an element whose ¢-component is A, and
set gg := ¢g°. Finally, let

ay = lem {expPGL2(F,) | p € To, p # £}

and my = ny+vy(4). We now check that these choices satisfy all the assumptions
of Proposition with T = E[N]. Clearly ve(as) = ng = my = 0 for all but
finitely many primes ¢, and one checks that ”Ug()\gz — 1) = my for all primes £.
Theorem [4.4) shows that H*(G e, T[¢>°]) is killed by £"¢. It only remains to check
property (4), that is, we wish to prove that for every z = (x,), € J; the image
h of h = [gg, %] in J, is contained in [Jy, J,]. To see this, notice first of all
that the f-component of A in J, is trivial, since z; = 1. The p-component of h

is trivial for every prime p € 7o, because z;¢ € GLa(F,) is a scalar (its image

in PGLy(F,) is trivial). Moreover, the p-component of h is also trivial for every
prime p & 7o such that G, is contained in the normalizer of a Cartan subgroup.
To see this, notice that a, is even and the p-component of g, is a square (since
ge itself is a square), so that both (g;), and x*¢ belong to the Cartan subgroup
itself, which is abelian.

For all other primes p, the mod-p Galois representation is surjective. Indeed
by Theorem we know that G, acts irreducibly on E[p] (since p & To), by
[Maz77, p. 36] we know that G, is not contained in an exceptional subgroup, and
by assumption G), is not contained in the normaliser of a Cartan subgroup. By
Theorem [2.8| we then obtain SLy(F,) C G,, so in particular PSLy(FF,) occurs in
G oo Since by [Ser97, p. IV-25] it cannot occur in Gyeo, which is a subgroup of
GLy(Zy), it must occur in Jy;. Then by Lemma applied to G = Jy, we have
that S, := SLa(Fp) x [],., {1} is contained in Jy for such primes p.

For each prime p, let H, be the trivial group if p is in 7y, if p, is not surjective,
or if p = ¢, and let H, = SLy(F,) otherwise. By the above, we have (h), = Id €
H), for p = ¢, for all p € T, and for all p such that p, is not surjective, and
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(h), € H, = SLy(F,) for all other p. We now show that [J,, J¢] contains [, Hp.
This product is topologically generated by the groups S, for p € ToU{¢} such that
the mod-p representation attached to F is surjective, so it suffices to show that
the closed subgroup [Jy, J¢] contains S, for every such p. This follows from the
fact that SLo(FF,) is a perfect group, that is it coincides with its own commutator
subgroup, so [J¢, J¢] 2 [Sp, Sp] = Sp. Thus we get h € [, Hy C [Je, Jo].

We have then checked all the hypotheses needed to apply Proposition
and we conclude by noting that

4 if0=2,

2 if(=3,
vel@) =91 o5 g

0 ifl>11.

O

In the CM case we can say something much stronger: we prove a bound that is
valid for all number fields and only depends on the degree of the field of definition
of the elliptic curve.

Theorem 4.9. Let K be a number field of degree d and let E/K be an elliptic
curve such that Eg has CM by an order R in the quadratic imaginary field F.
Let h = #R* € {2,4,6} and g = [FK : K] € {1,2}. For every prime ¢, let
ep = minan; ve(a"® —1). Then e, is finite for all primes ¢ and zero for all but
finitely many £, and the exponent of the cohomology group H' (G, T) divides
g Hz et for all Galois submodules T of Eyors.

Proof. Let H = Gal(K, | KF), so that H is a subgroup of G, of index g (recall
that the field of complex multiplication is contained in K,). Let Cor and Res
denote respectively the corestriction map from H'(H, —) to H'(Gw, —) and the
restriction map from H'(G,—) to H'(H,—). As is well-known, one has the
equality Cor o Res = [g]. Let e be the exponent of H!(G4,T) and ¢’ be the
exponent of H*(H,T). Observe now that [¢/] is zero on H'(H,T), so one gets

[ge'] = [¢] o Cor o Res = Cor o [¢/] o Res = Cor o [0] = [0]

on H' (G, T). Thus the exponent of this latter group divides ge’; it now suffices
to bound €.

By the theory of complex multiplication the Galois group H is abelian. We
identify this group with a subgroup of [[, GL2(Z/), and regard g € H as a
collection (g¢)¢ of elements in GLa(Z,). Since H is abelian, Lemma applies
to any (g¢)¢ € H, so H*(H,T) is killed by (g, — 1),. Writing H'(H,T) =
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@, H'(H,T[¢>]), we see that each direct summand H'(H, T[¢>]) (which is the
pro-£ part of H'(H,T)) is killed by g, — 1 for every (g¢), € H.

Let now Hye be the projection of H to GLa(Z), or equivalently the image
of the f-adic representation attached to E/FK. We know from [Loml17, Theo-
rem 6.6] (or [BC20a), Theorem 1.1(a)]) that Hye is contained in (R ® Zy)*, and
that [((R®Z¢)* : Hy=] | 2[FK : Q]. Notice that [LomI7, Theorem 6.6] only gives
an inequality, but it is clear from the proof that we actually have divisibility. In
particular, [Z) : Z) N Hy=] divides 2[FK : Q], so for every a € Z the scalar
aMFEQ/2 s in Hyeo, and multiplication by a"F%:Q/2 1 kills H'(H, T[¢>]). No-
tice that h[F K : Q]/2 divides hd, so the same statement holds with a[F":@/2 1
replaced by a"® — 1. As H'(H,T[(]) is a (pro-)¢ group, this shows that the ex-
ponent of H(H,T[¢*]) is finite and divides £°¢. Finally, for £ —1 > hd, choosing
a that is a primitive root modulo ¢ gives vg(a"? — 1) = 0, hence ¢, = 0 and
HY(H,T[¢><]) is trivial for all such primes. The theorem now follows from the
fact that the exponent e’ of H!(H,T) is the least common multiple of the expo-
nents of the groups H'(H,T[(*]) as ¢ varies among the primes. O

In the special case K = QQ we may further improve the previous result.

Proposition 4.10. Let E/Q be an elliptic curve such that E@ has CM. The expo-

nent e of the cohomology group H' (G, T) divides 2%-3 for all Galois submodules
T Of Etors~

Proof. Let F' be the field of complex multiplication of F, let O be the endo-
morphism ring of Er, and let H = poo(Gal(F/F)), considered as a subgroup of
GLQ( ) There are inclusions Z* N H C H C (0 ®Z) , and [ZX Z* N H] <
[(O®Z)* : H]. Suppose first j ¢ {0,1728}. Then [(O®Z)* : H] < 2 by [BC20al
Corollary 1.5], hence [Z* : Z* N H] < 2. This implies easily that H (hence Guo)
contains an element A = (\;) € [[,Z; = Z* with va(Aa — 1) < 2, v3(A3 — 1) < 1
and vg(A¢—1) = 0 for all £ > 5 (for £ = 2 notice that a subgroup of index at most
2 of Z* cannot be trivial modulo 8). The claim in this case thus follows from
Lemma [£.2] When j € {0,1728} the argument is similar, but one also needs to
rely on the classification of the possible /-adic images of Galois for ¢ < 7 provided
by [LRI18]. We give some more details for £ = 2, the other cases being similar
and easier.

Suppose that all the scalars A = (Az) in H N 7" satisfy vy (A2 —1) > 3. Then
[Zx Z* N H] is a multiple of 4, which (since 7* is a normal subgroup of H)
implies 4 | [(O®Z)* : H]. Due to [BC20a, Corollary 1.5] this must be an equality,
and we must have O = Z[i] and j = 1728. On the other hand, from the proof of
Theorem we know that the 2-part of the exponent of H'(Gw, T) is at most
twice the 2-part of the exponent of H'(H,T), so if the latter is not divisible by 4
we are already done. Moreover, 4 can divide this exponent only if all the scalars
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in po (Gal(F/F)) are congruent to 1 modulo 4. By [LRI8, Theorem 1.7], this
implies that [(O®Z2)* : pa (Gal(F/F))] = 4. Combined with [(O@Z)X : H] =
4, this shows that H is the product pa=(Gal(F/F)) x [I;53(0 ® Zg)*. By
[LRI8, Theorem 1.7] again, the factor pae (Gal(F/F)) contains a scalar Ay with
va(A2 — 1) = 2. Since H is the above direct product, we obtain that H (hence
G o) contains (A2, —1,—1,...). Applying Sah’s lemma to this element then shows
that the 2-part of the exponent of H!(G ., T) divides 4. O

To conclude this section we discuss the case of Serre curves, namely those
elliptic curves over Q for which [GL2(Z) : G| is minimal (hence equal to 2,
see [Ser72]). It is known that, when ordered by height, 100% of elliptic curves
over Q are Serre curves [Jonl0], so our next theorem describes the ‘generic’
situation. The proof combines many of the same ingredients that already appear

in Theorems [4.8 and [4.4]

Theorem 4.11. Suppose E/Q is a Serre curve. For every Galois submodule T
of Eiors we have

Z)2%, if T[2] # {0}
{0}, if T2] = {0}.

Proof. The description of Serre curves given in [Jonl0, Section 5] implies that G

contains SLg (2) We will make use of two special elements of SLQ@) C Go: one

is —Id, while the other is h = (hg,Id,Id,...), where hy = (0 _1> € SLo(Zs).

H' (G, T) :{

1 -1
Notice that ho — Id is invertible over Zy. Let £ : Goo — Elors be any cocycle and
let g € G be arbitrary. We have the equality

§(=1d) = &(g) = &((=1d) - g) = &(g - (= 1d)) = &(9) + g&(—1d).

Choosing g = h gives —2§(h) = (h —Id) - {(—1d) in T = @, T[¢>°]. Taking into
account that the 2-adic component of A —Id is invertible, while multiplication by
2 is invertible on T'[¢*°] for each £ > 2, we obtain that £(—1Id) is divisible by 2 in
T. Writing £(—Id) = —2a for some a € T we then have 2(£(g) — (¢9-a—a)) =0,
that is, the cocycle £ is cohomologous to the cocycle g — £(g) — (g9 - a — a) with
values in T'[2].

We have thus shown that the natural map H' (G, T[2]) — H'(Goo,T) is
surjective. It is also injective, as one sees by taking the cohomology of the ex-
act sequence 0 — T[2] — T — 2T — 0 and observing that H%(Gw,T) =
H°(G,2T) = (0). Hence H' (G, T) = H' (G, T[2]). We now describe this
group. Let N = ker(Go, — Gax), so that Goo/N = Gaee = GL3(Z2). The
inflation-restriction sequence yields

0— HY(G/N,T[2])) = H (G, T[2]) = HY(N,T[2])C>,
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so it suffices to show that H'(GLz2(Z3),T[2]) is either trivial or isomorphic to
7./27. according to whether T'[2] is trivial or not, while H'(N,T[2])%> vanishes.
We prove the latter statement first. Since N acts trivially on T'[2] by construction
we have H'(N, T[2])%> = Hom(N, T[2])%>=. The conjugation action of h € G
on N is trivial (the only nontrivial coordinate of h is ho, while elements of N have
trivial 2-adic component), so a homomorphism ¢ € Hom(N, T'[2]) is h-invariant
if and only if for all n € N we have p(n) = (hp)(n) = h- p(h~tnh) = h - p(n).
Since h acts on T[2] via hg, which has no nonzero fixed points on T'[2], this
implies that the only h-invariant homomorphism N — T[2] is the trivial one.
Thus H'(N,T[2])%> vanishes as claimed. Finally consider H'(GLgy(Z2),T[2]).
Notice that T'[2] is a Galois submodule of E[2], so we either have T[2] = E[2]
or T[2] = {0}. In the latter case the cohomology group certainly vanishes, so
we can assume T[2] = E[2]. As in the proof of Theorem every cocycle
GL2(Zs) — E[2] factors via GL2(Z2)/(g? : g = 1d (mod 2)), hence in particular
via GLg(Z/8Z). Thus it suffices to check that H'(GL(Z/8Z), E[2]) = Z/2Z,
which is easy to do directly with the help of a computer algebra sofware. O

5 The algebra Z/[G]

Following the strategy suggested by [Chapter (I, Proposition 4.12], in order to
study the degrees of Kummer extensions in the next section we now study the
algebra A = Z;[Gy~], by which we mean the closed subalgebra of Matax2(Zy)
generated by Gy C Matoyxo(Zs). The hardest case is when the action of Gy on
E[{] is reducible, and to handle this situation we rely on the following general
estimate for A.

Proposition 5.1. Let E be an elliptic curve over a number field K having at
least one real place. Let £ > 2 be a prime number. Suppose that G, acts reducibly
on E[f] and let £™ be the maximal degree of an L-power cyclic isogeny E — E'
defined over K. The algebra A = Z¢[Gyoo] contains €™ Matgx2(Zy).

Proof. We claim that there exists a basis of Ty F with respect to which Gy con-
tains ( (1) _01 ) To see this, let 7 € Gal(K/K) be a complex conjugation,
corresponding to a real embedding K < R (one exists by assumption), and let
h = pgs (7). Then we have h? = Id and det h = y¢o (7) = —1, which implies that
the eigenvalues of h are +1. It follows that h can be diagonalised over Q, and
also over Z, since its eigenvalues are distinct modulo ¢ # 2. As the conclusion

of the proposition is independent of the choice of basis, we may assume that

h = ppee(7) = ( - ) € A. Tt follows that By, = ( 0o ) — 1(1+n)
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and Egg := ( 8 (1) ) = %(1 — h) are in A. By assumption, F does not admit a
cyclic isogeny of degree £™*1 defined over K. In terms of the matrix representa-
tion of the Galois action, this implies in particular that Gy contains a matrix
M; whose coefficient in position (2, 1) is nonzero modulo ¢™*! (for otherwise,
<<é)> C (Z/emH17)? = E[¢™*+1] would be a Galois-stable cyclic subgroup of
order /™*1) and similarly it also contains a matrix My whose (1,2)-coefficient is

nonzero modulo #™¢+1. Thus we have Fao M1 E11 = (2 8) with vg(a) < m and

E11M2E22 = 8 g with U@(b) < m. The four matrices Ell,E227E22M1E11
and F11MsFEos are all in A, and their Z,-span contains ¢™ Matox2(Zy). O

Remark 5.2. The exponent m is optimal. Indeed, if F admits a K-rational
isogeny of degree ¢™, choosing a suitable basis of Ty we can ensure that Gym
consists of upper-triangular matrices. In particular, the (2,1)-coefficient of all
matrices in Z;[Gye] is divisible by £™, so that the result cannot be improved.

We also give a variant of the previous result for £ = 2. Notice that in this
case we do not require that E[2] be reducible.

Proposition 5.3. Let E be an elliptic curve over a number field K having at
least one real place. Let 2™ be the mazimal degree of a 2-power cyclic isogeny
E — E' defined over K (including m = 0 if there are no such isogenies). The
algebra A = Zy[Gax] contains 2™ Matgyo(Zs).

Proof. Let 7 € Gal(K | K) be a complex conjugation. There is a basis of
ToFE whose first element is fixed by pa(7): indeed, 7 fixes all torsion points in
E(R), whose identity component is isomorphic to the circle group, hence con-
tains a compatible family of 2™-torsion points. It follows easily that pa(7) is
GL3(Zy)-conjugate to either ((1) —01 or (1) 31 . In the first case one may
reason as in Propositionto obtain that Zs[Gae] contains 2F11, 2E99, 2E9s M,
and 2M,FEs, hence that it contains 2m+! Matox2(Zsz). In the second case, sup-
pose first that G2 acts on E[2] with a fixed point P, which is necessarily the
first 2-torsion point in the given basis of E[2] & ToE/2T2E. Let E — E’ be
the 2-isogeny with kernel (P). The 2-adic representations attached to E,E’

differ by conjugation by ( (2) 2 The 2-adic representation attached to E’
1 2 L . 1 0
maps T to 0o -1 ) which is GLga(Zsy)-conjugate to 0 -1 ) More-

over, the maximal degree of a 2-power isogeny E' — E” is at most 2max{m—1,1}
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The previous arguments then apply to E’, hence the corresponding algebra A’
contains 2max{m—1,1}+1 Matoyx2(Zs2). Conjugating back we find that A contains
gmax{m,2}+1 Matay2(Zsa), and a direct check for m = 1 finishes the proof in this
1 1
0 -1
ule (hence m = 0), then G2 = GLa(F3) (notice that #Go is even since po(7)
is nontrivial). This implies G = GL3(F2), from which it follows that the re-
duction modulo 2 of A is all of Matyyo(Fy). By Nakayama’s lemma we obtain
A :Ma.tgxg(ZQ). O

case. Finally, if pa(7) = and E[2] is an irreducible Galois mod-

For the irreducible case (and ¢ > 2) we rely instead on the following two
observations. The first one is well-known (see for example [BJR9I, Remark after
Theorem 2]); it is usually stated for elliptic curves over Q, but — as in the previous
propositions — it only depends on the number field having a real place.

Lemma 5.4. Let K be a number field having at least one real place, £ > 2 be
a prime number, E/K be an elliptic curve, and Gy C GLy(Fy) be the image of
the mod-£ Galois representation. The action of Gy on E[f] is either reducible or
absolutely irreducible.

Corollary 5.5. Let K be a number field having at least one real place, £ > 2 be
a prime number, and E/K be an elliptic curve. If E[{] is an irreducible Galois
module, then the algebra A = Zy[Gy] is all of Matax2(Zy).

Proof. Let A C Matoyo(F¢) be the image of A under reduction modulo /. By
Nakayama’s lemma, it suffices to prove that A = Matayo(Fy). Notice that A =
F¢[Ge]. As Gy acts irreducibly on E[¢] 2 F? by assumption, Lemmal5.4/shows that

it also acts irreducibly on E[{] ®pF, F, hence the natural Elodulg F,” for Z®FL F,
is irreducible. By IEGH™ 11, Theorem 3.2.2] we obtain A ®@p, F;, = Mataya(F),
which implies A = Matgyo(Fy). O

We now specialise to the case K = Q. For ¢ = 2 we have the following.

Proposition 5.6. Let E be an elliptic curve over Q. The algebra Zs|Gax] con-
tains 2* Matoyo(Zs), and if E has potential complex multiplication it also contains
23 Matgxg (Zg) .

Proof. If E does not have complex multiplication over Q we can check the claim
directly by a short computer calculation, looping over all subgroups of GL3(Zs)
that can arise as the image of the 2-adic representation (the list of such groups
is known as a consequence of the results in [RZB1H)]). If E has CM over Q, then
every 2-power isogeny £ — FE’ defined over Q has degree dividing 4 (see for
example [BC20bl Remark 5.2]). It follows from Proposition [5.3| that A contains
23 Matzxg(ZQ). O
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Remark 5.7. The result is optimal. This follows from [RZBI5] in the non-CM
case, while in the CM case it suffices to consider an elliptic curve with CM by
Z[\/—4], see [LR18, Theorem 1.6].

We are now ready to obtain a uniform lower bound on the algebra A.

Theorem 5.8. Let E be an elliptic curve over Q and let £ be a prime number.
Set

4, if £ =2
) Z,;é i 3, ift=2,3
1 =
MnonOMeL = 4 - ’ mene =21, if £ =7,11,19,43,67, 163
OMLEZN 1 e =17,11,13,17,37 M ife=1
) 0, otherwise
0, otherwise

and my = mopme 0T My = Muyon-cM,e according to whether or not E@ has CM.
The algebra A = Zy[Gy=] contains €™ Mataxa(Zs).

Proof. The case ¢ = 2 is covered by Proposition If ¢ & ToU{19,43,67,163}
(or just £ & T if E is not CM), by Theorem the curve E does not admit any
rational subgroup of order ¢, so E[{] is irreducible as a Gy-module and we can
apply Corollary For the remaining cases we apply Proposition [5.1} reading
from [Ken82, Theorem 1] the maximal degrees of cyclic isogenies of ¢-power de-
gree. Notice that isogenies of degree 3% are possible only for CM elliptic curves,
see [OggT3, p. 229]. Also notice that f(-isogenies between rational CM elliptic
curves are only possible for ¢ € {2,3,7,11,19,43,167}, as follows for example
from [BC20b), §5]. O

6 Kummer degrees

Let E be an elliptic curve over a number field K and let o« € F(K) be a point of
infinite order. We give a brief description of the construction of the Kummer ex-
tensions of K attached to (F, a), and refer the reader to [Chapter |1} Section 2.3],
[JR10, Section 3], [BP21], or [LP21] for more details.

Let (M, N) be either a pair of positive integers with N | M, or (co, N) with
N a positive integer. We define K y as the extension of K generated by the

coordinates of all points 8 € E(K) such that N8 = a. The homomorphism

KM,N - Gal(F‘KM) — E[N]

o - o(B) - B (6.1)

is independent of the choice of 3 € E(K) such that N3 = «a, and has kernel
Gal(K | K, n), hence identifies Gal(K v | Kpr) with a subgroup of E[N]. We
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will also need to pass to the limit in N: if £ is a prime number, we denote by
K 4 the extension of K, generated by the coordinates of the points 5 € E(K)
that satisfy £”3 = o for some n > 0. Similarly, we write K o for the extension
of K., generated by the coordinates of the points 8 € E(K) that satisfy N5 = «
for some N > 1. Passing to the limit in N in Equation we obtain an
identification of Gal(K ¢ | Koo) with a Zy-submodule Ve of TyE = Z2, and
of Gal(Ks,00 | Kso) with a Z-submodule Voo of TE = 72. We remark that Voo
is the projection of V, to Z?, and since Vy~ is a pro-f group and there are no
nontrivial continuous morphisms from a pro-¢ group to a pro-£' group for £ # ¢’
we have Vo =[], Viee. Finally, we recall the following fact, which will be crucial

in our applications.

Lemma 6.1 ([Chapter Lemma 2.5]). For every prime £, the Zs-module Vpo C
Z? is also a module for the natural action of Gy C GLa(Zy) on Z?.

We are interested in studying the degrees

as the positive integers N | M vary. As explained above, the Galois group
Gal(Ky n | Kar) is isomorphic to a subgroup of E[N], which has order N2, so
the ratio

N2
[KMJ\[ : KM]

is an integer. It is well-known that is bounded independently of the integers
M and N (see for example [Ber88l Théoreme 1], [Hin88 Lemme 14], or [Rib79]).
In [Chapter [I] we have shown that, if K = Q and the image of « in the free
abelian group E(K)/E(K)ios is not divisible by any n > 1, this ratio can be
bounded independently also of ' and «. We will now provide an explicit value
for this bound.

(6.3)

2

N
Remark 6.2. It is immediate to check that the ratio (6.3)) divides ﬁ,
co,N * )

which in turn divides the index of V, in 72

Lemma 6.3. Let E be an elliptic curve over a number field K and let o« € E(K)
be a point whose image in the free abelian group E(K)/E(K )iors i not divisible
by any n > 1. Let e be a positive integer such that, for all positive integers N,
the group H'(G s, E[N]) has exponent dividing e. For every prime { the group
Vi contains an element of £-adic valuation at most ve(e).

Proof. This follows immediately from [Chapter [1} Lemma 7.8(1)] since for any
positive integers M, N with N | M the exponent of H!'(Gjs, E[N]) divides e

(Lemma . O
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Lemma 6.4. Let E be an elliptic curve over a number field K and let « € E(K).
Suppose that Vi contains an element v of £-adic valuation at most d and that
Z¢|Geso] 2 0" Mataya(Zy) for some non-negative integer n. Then [T E : Vo]
divides (™24,

Proof. We may assume without loss of generality that v has exact valuation d.

. . . 1

Up to a choice of isomorphism T, E = Z? we may then further assume v = 0 (0> .
The Z¢[G ¢ ]-module Vyee contains €™ Matax2(Zg) - v, hence in particular contains

grtd ((1)>’ and the claim follows immediately. O

Theorem 6.5. Let E be an elliptic curve defined over Q and let
Bron-car = (22 x 310 5 55 x 70 x 11%) x (28 x 3% x 52 x 7 x 11 x 13 x 17 x 37)
By = (24 x 32) x (23 x 3% x 7 x 11 x 19 x 43 x 67 x 163).

Set B = Boy or B = Bpon-cm according to whether or not E@ has complex
multiplication. For all positive integers M and N with N | M the ratio (6.3
divides B.

Proof. Let e be a positive integer such that [e] kills H! (G, E[N]) for all positive
integers N. For every prime ¢ let m; be a non-negative integer such that Zy[G ]
contains ™ Matox2(Z¢). As explained above, the ratio (6.3)) divides

2% : Vo) = [ [122 - Vi)
V4

and by Lemmas [6.3] and [6.4] we have that

[Z2: V] divides — gmet2vele),
The conclusion then follows by taking e as in Theorem (for the non-CM case)
or as in Proposition (for the CM case), and my as in Theorem [5.8 O

Remark 6.6. Taking into account Remark [3.15] one can take v3(e) = 6 instead
of 8 in Theorem [£.8] so that the exponent of 3 in Byon-cm can be improved from
18 to 14.

7 Examples
In this short section we give examples showing that most of our results are sharp
or close to being sharp. We start with Theorems [£.4] and [£:8] For every positive

integer N we have an exact sequence of Gal(Q | Q)-modules

0— E[N] — Etors ﬂ Etors — 07
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and taking Galois cohomology we get

E(Q)tors
NE(Q)tors

As it is well-known that there exist elliptic curves over Q with torsion points of
order 23,325, 7, taking N equal to each of these numbers in turn shows that the
constant of Theorem 4.8 has to be divisible at least by 2% - 3% -5 - 7. Moreover,
by [LW15, Theorem 1] we know that there exists an elliptic curve E/Q with
H'(G11, E[11]) # 0. Thus in particular all the primes appearing in the constant
of Theorem are necessary. A simple variant of this argument, working with
E[¢] instead of Eiors, also shows that Theorem is optimal at least for ¢ = 3.
As already remarked in the introduction we do not seek to obtain the best possible
value for £ = 3, but in any case our estimate is not far from sharp: the previous
argument shows that the optimal value of n3 is at least 2, while Theorem
shows that 3 suffices.

Consider now the CM case and Proposition The elliptic curve with
LMFDB label 27.a2 [LMF22| [27.a2] admits a rational 3-torsion point and no
other 3-isogenies defined over Q, hence it satisfies the hypotheses of [LW15, The-
orem 1], which proves that for this curve H'(Gj3, E[3]) # 0. Thus the factor 3 in
Proposition [4.10]is necessary. As for the power of 2, the curve with LMFDB label
32.a2 [LMF22| 32.a2] has potential CM and a rational 4-torsion point, which as
above shows that H' (G, E[4]) has exponent 4. Thus Propositionis sharp.

Finally we turn to the primes that can appear in the ratio of Equation (6.3).
In order to find examples where a given prime ¢ divides the degree e
proceed as follows. Let E/Q be a rational elliptic curve and let P € E(Q) be a
point not divisible by any n > 1 in E(Q)/E(Q)tors- For a fixed prime ¢ > 2, we
write the multiplication by ¢ map as

0— — H (G, E[N]) = H (Gw, Eyors)[N] — 0.

10](z,y) = (¢e(x) wm,y))

Ye(x)? te(x)?

as in [Sil09, Exercise 3.7] and consider the polynomial g(x) = ¢¢(z)—x(P)e(z)? €
Q[z]. Suppose that this polynomial has an irreducible factor g1 () € Q[z] of de-
gree strictly less than % (equivalently, for ¢ > 2, that g(x) is reducible), and let
L be the field generated over Q by a root z7 of g1(z). Over an at most quadratic
extension L’ of L, the elliptic curve E admits a point @ with z-coordinate equal

to z1. It follows that [¢]Q = (&?ff;wy([f]Q)) = (z(P),y([{)Q)) = £P, because

the only two points on E with z-coordinate equal to z(P) are £P. In particular,
at least one ¢-division point of P (namely +@Q) is defined over L', which has
degree strictly less than ¢2 over Q. Since all ¢-division points of P are obtained
from £@ by adding a ¢-torsion point, the field Qg is the compositum of L’ and



https://www.lmfdb.org/EllipticCurve/Q/27/a/2
https://www.lmfdb.org/EllipticCurve/Q/32/a/2
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‘ E LMFDB Label P

2 4oy +y=a>—z% 41z + 96 117.a3 (2,-6)

3 vry=a>+22—-T7z+5 91.b2 (—1,3)

5 v=2® -2 —z-1 704.c3 (2,1)

7 y? +ay =2 — 2% — 389z — 2859 338.cl (26,51)

11 | y*+zy+y=2°—2>— 32693z — 2267130 1089.cl (212, 438)
13 y? +y =2 — 8211z — 286610 441.a1 (235, 3280)
17 | Y +ay+y=a2%—2? — 273652 — 1735513 130050.gu2 (4047 249623
37 | v* + 2y +y=12"+2° — 208083z — 36621194 1225.b1 (1190, 36857)

Table 2.1: Primes ¢ dividing the relative Kummer degree (6.3), non-CM curves.

Q(E]), hence [Qu, : Q(E[(])] < [L': Q] < 2. Tt follows that in this case the
prime ¢ divides the ratio for M =N = /.

We have considered several pairs (E, P) taken from the LMFDB [LMF22], and
have computed (for well-chosen primes ¢) the factorisation of the polynomial g(x)
above. For each prime ¢ appearing as a factor of the constants of Theorem
we have thus been able to find examples of pairs (F, P) for which ¢ divides the
index in the case M = N = /¢, and this both for CM and non-CM curves
(for £ = 2 we proceeded differently and explicitly computed the field generated
by the 2-division points of P; this easily yields examples). In particular, this
shows that the prime factors of the constants of Theorem are all necessary.

We would like to point out that for most primes ¢ we have found several
examples of the behaviour described above (for £ = 163 we have only been able
to test two curves, and only one of them yielded an example). It is hard to
make conjectures based on the limited evidence we have collected, but it seems
plausible that ¢ divides the Kummer degree (6.3) (with M = N = £) for a positive
proportion of rank-1 curves F/Q whose mod-¢ Galois representation lands in a
Borel (when P is taken to be a generator of the free part of E(Q)). In Tables
and we give one explicit example for every relevant prime, both for non-CM
and CM curves, specifying the curve E/Q together with its LMFDB label and
the point P € E(Q).

66276734 419567566482
The points P,3 and Pgs; are given by P,3 = ( 29929’ BLTTTLT )

and

P 49970077554856210455913 10956085084392718114395997318977993
o7 1635061583290810756 2090745506172424414999081096


https://www.lmfdb.org/EllipticCurve/Q/117/a/3
https://www.lmfdb.org/EllipticCurve/Q/91/b/2
https://www.lmfdb.org/EllipticCurve/Q/704/c/3
https://www.lmfdb.org/EllipticCurve/Q/338/c/1
https://www.lmfdb.org/EllipticCurve/Q/1089/c/1
https://www.lmfdb.org/EllipticCurve/Q/441/a/1
https://www.lmfdb.org/EllipticCurve/Q/130050/gu/2
https://www.lmfdb.org/EllipticCurve/Q/1225/b/1
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‘ E LMFDB Label P
2 y? =13 - 36z 576.c3 (-2,-8)
3 vry=2>-34 225.c1 (6,13)
7 y? =2 — 1715z — 33614 784.12 (57,232)
11 y?+y=2°—2%— 887z — 10143 121.b1 (81, 665)
19 y? 4y = — 13718z — 619025 361.al (2527,126891)
43 y? +y = 2® — 15901402 — 771794326 1849.b1 Pi3
67 | y* +y =2 — 330839302 — 73244287055 4489.b1 Psr
163 v 4y = a® — 57772164980z 0656001 P
—5344733777551611

Table 2.2: Primes ¢ dividing the relative Kummer degree (6.3]), CM curves.

respectively. The point Pig3 is the unique generator of E(Q) = Z with positive
y-coordinate; it has canonical height approximately equal to 373.48, so its co-
ordinates are too large to be displayed here, but they can be found at [LME22|
Elliptic Curve 26569.al].

We have also considered the divisibility of by higher powers of /. Exper-
iments analogous to the above are computationally intensive, so we only studied
the very small primes 2 and 3. An example where the index (6.3)) is divisible by
16 was found by Rouse and Cerchia [CR21]: letting E : y? = 2% — 343z + 2401
and P = (0, —49), there is a point Py € E(Q(E[8])) such that 4P, = P. This im-
plies that 2* divides for N =4, M = 8. We found several other examples in
which is divisible by 2* for suitable values of M, N, but no example involving
higher powers of 2. This might in part be due to the fact that — for computational
reasons — we have only been able to extend our search to M =8 N | M.

Remark 7.1. J. Rouse recently informed us that he constructed an example
where ([6.3)) is divisible by 26 when M and N are sufficiently large powers of 2.

For ¢ = 3 we consider
E:y? +y =2 — 6924z + 221760

and P = (2354/49, —176/343), which is a generator of E(Q)/E(Q)tors. Write g(z)
for the polynomial whose roots are the z-coordinates of the 9-division points of
P: one may check that g(z) € Q[z] has an irreducible factor ¢1(z) of degree 9.
Further denote by 19 (z) the 9-th division polynomial of E, whose roots are the z-
coordinates of the points in F[9]. We have also computed that the Galois groups
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https://www.lmfdb.org/EllipticCurve/Q/26569/a/1
https://www.lmfdb.org/EllipticCurve/Q/26569/a/1

96 CHAPTER 2. UNIFORM BOUNDS FOR ELLIPTIC CURVES OVER Q

of 19(x), g1(x) and g (z)g1(x) over Q have order 462, 27 and 3 - 462 respectively.
This proves that the Galois group of gi(z) over Q(E[9]) has order 3, hence in
particular that g1(z) becomes reducible over Q(E[9]). A 9-division point of P is
then defined over an extension of Q(FE[9]) of degree at most (and in fact exactly)
3. As before, all other 9-division points are defined over the same field, hence
the relative Kummer degree is divisible by 3% for M = N = 9. We have
found other examples where 33 divides , but none involving a factor 3%; as
with £ = 2, it is entirely possible that this is only due to the limits of our search
range.

2.A  Scalars in pro-p subgroups of GLy(Z,)

In this appendix we prove an abstract group-theoretic result, used in Section [3.3
to study the subgroup of scalar matrices in the image of the 3-adic representation
attached to a non-CM elliptic curve over Q. In the statement and proof of
Proposition 2:A-T) we will employ the notation Hy» for the reduction modulo p™
of a closed subgroup H of GL(Z,) (cf. Section [3.1)).

Proposition 2.A.1. Let p be an odd prime, H be a closed pro-p subgroup of
GL2(Zp), and k be a positive integer. Suppose that the following hold:

1. H, has order p,
2. Hpx is not contained in the subgroup of upper- or lower-triangular matrices;

3. det(H) = 1+ pZy;

0
0 -1

4. H is normalised by C :=

Then H contains all scalars congruent to 1 modulo p*.

Remark 2.A.2. From a group-theoretic point of view this result is optimal, at
least in the case p = 3,k = 3 that we are interested in. The subgroup H of
GL3(Z3) given by the inverse image of the subgroup of GLa(Z/33Z) generated
by the matrices

10 0 10 9
0 16 |’ 23 10

satisfies all the properties (1)-(4) in the statement, and

HNZ; ={\N€Z;: =1 (m0d33)}.
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Remark 2.A.3. We also note that the methods of [Pin93] and [Lom15l §4] are
not easily applicable here, since there is no reason to expect a group H as in
the statement of Proposition to be open in GL2(Z,). This implies that the
Z,-integral Lie algebra L attached to H by [Pin93] could be quite small, with
L/[L, L] infinite, which makes it hard to extract useful information from the main
theorem of [Pin93].

The proof of the proposition is by induction: we will show that, for every
n = k, the group H,» contains all scalars congruent to 1 modulo pF. Since H is
closed this gives the desired conclusion.

Remark 2.A.4. The group H), is cyclic, generated by any element g of order p.

The condition that H be stable under conjugation by C implies easily that g is

either upper- or lower-unitriangular (that is, triangular with diagonal coefficients
a

equal to 1). This shows in particular that for every h = € H we have
c d

a=d=1 (mod p), so that the diagonal entries of h —Id are divisible by p. Any

h € H may therefore be written as h = AId+D + A, where A = tr(h) =1

(mod p), D is diagonal, tr(D) =0, D =0 (mod p), and A is anti-diagonal. This

decomposition will play an important role in the proof.

The following lemma will be key in our approach.

Lemma 2.A.5. Let p be an odd prime, let Hyn be a p-subgroup of GL2(Z/p"Z)

1 0
stable under conjugation by C := , and let M be an element of Hpyn.

0 -1
Consider the sequence of elements of H,» defined by My = M and M;1q1 =
M; - OMiO_l. Then:

1. for every i = 0, the elements det M; and det M generate the same subgroup
of (Z/p"Z)*;

2. write each M; as \;1d+D; + A;, where D; is diagonal and has trace 0 and
A; is anti-diagonal. Then there exists a scalar p; € (Z/p"Z)* such that
D; = p;Dy;

3. the matrix M; is diagonal for all i > n.

Proof. For the first statement we have det(M,y,) = det(M;)? and the map
x — 22 is an automorphism of the abelian p-group det(H). Write now M; =
X Id+D; + A; as in the statement. It follows from Remark that D; =0
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(mod p). One computes CM;C~1 = \;Id +D; — A; and therefore

Mgy = (NId+D; + Ay) (M Id+D; — Ay)
=\ 4 D? 4 2\;D; — A2 + [A;, Dy].

Notice that D? is a multiple of the identity (since the two diagonal elements of
D; are opposite to each other, hence have the same square), and so is A?, while
[A;, D;] is anti-diagonal. Hence

Di 1 =2M\D;
Ait1 = [Ai, Dil,

which immediately implies the statement about D; since (2\;,p) = 1. Moreover,
since vp(D;) > 1 we have vp(Aiy1) = vp(A4;) + 1: in particular, for ¢ > n we have
vp(A;) = n, hence for such ¢ the matrix A; is 0 and M; is diagonal. O

We notice in particular the following immediate consequence of the previous
lemma:

Corollary 2.A.6. Let Hpn be a p-subgroup of GLo(Z/p™Z) stable under con-
Jugation by C, and let D, be the subgroup of diagonal matrices in Hpyn. Then
det(Hpn) = det(Dn)-

Proof. The group det(H,») is contained in (Z/p"Z)*, hence is cyclic. Let M €
H,» be a matrix whose determinant generates det(Hpn): by the previous lemma,

we can find a diagonal matrix whose determinant generates the same subgroup
as det(M). O

Before proving Proposition [2.A.1] we need one further definition:

Definition 2.A.7. For n > 1 we let L, be the image of the map

ker(Hpn+1 —)Hpn) — Mat2><2(Fp>
g—Id

9 = IS

The formulas
(Id +p" M) (Id +p" M) = Id +p™(M; + M) (mod p™ ™)

and (Id+p"M)P = Id+p"*1 M (mod p"*?), valid for all n > 1, show that the
set L,, is an additive subgroup of Matoyo(F,), and that moreover L, C L, for
alln > 1.

We further observe that since C' normalises H the subspace L,, of Matax2(F),)
is stable under conjugation by C. Since p is odd, the conjugation action of C
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on Matayo(F,) decomposes it as the direct sum of the subspaces of diagonal and
anti-diagonal matrices. We then have a corresponding decomposition L,, = 0, &
a,, where 0, (respectively a,) is the subspace of diagonal (resp. anti-diagonal)
matrices in L,,. We are now ready to begin the proof proper.

Proof of Proposition[2.A.1, We show by induction on n that H,» contains all
scalar matrices congruent to 1 modulo pF. Notice that the claim is trivial for
n < k, so we only need to take care of the inductive step. For each positive
integer n we denote by D,, the subgroup of diagonal matrices in Hy» and by
A,, the subgroup {\ € (Z/p"Z)* : A =1 (mod p)} of (Z/p"Z)*. By Corollary
and the hypothesis det(H) = 1 + pZ, (hence det(Hpn) = A,) we have
#D,, > #A,, = p" ! for all n > 1. The kernel of the reduction map D, — D,
is isomorphic to 0,, by construction. Notice that #d,, € {1,p, p?}.

If #0,, = p%, the map D, .1 — D, is p?>-to-1, which implies that, for every
element in D, all its p? diagonal lifts to GLy(Z/p"T'Z) are in D,41. In par-
ticular, since (1 + pk) Id mod p™ is an element of D,, by the inductive hypothesis
and (1 + p*)Idmod p™*! is one such possible lift, we obtain immediately that
(14 p¥)Id is in Hyni1, and the induction step is complete (notice that the cyclic
subgroup generated by (1+p*)Id contains all scalars congruent to 1 modulo p*).

Suppose on the other hand that #9,, | p. Then, using the fact that #0;
divides #0;4+1, we obtain immediately

#Dny1 = #D1 - #01---F#0, | D",

which combined with our previous observation #D,,+1 > p™ implies #D,, 11 = p™.

In particular,
det : Dn+1 — An+1

is a surjective group homomorphism between groups of the same order, hence is
an isomorphism. This also implies that the only diagonal matrix in Hpn+1 with
determinant 1 is the identity.

Let now d : Apy1 — Dpy1 be the isomorphism given by the inverse of the
determinant, which we write as

for suitable group homomorphisms a(z),5(z) : Apy1 — Apg1. As Apgq is a
cyclic group, we have a(r) = 2% and B(x) = x° for suitable integers a,b. Since
d(x) is inverse to the determinant, we have r = det(d(z)) = a(x)B(x) = 2°T?,
so that in particular a + b is relatively prime to p. This implies that at least one
between a and b is prime to p.
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We now show that the intersection S,41 := Hyn+1 N SLo(Z/p"T1Z) consists
of matrices of the form AId +A4, where \ € Z/p"+'7Z is a scalar and A is antidi-
agonal. To see this, let M € S,,4+1, and write it as M = AId+D + A, with D
diagonal of trace 0 and A antidiagonal. Lemma yields a diagonal matrix
M’ = N1d+D' in S,4+1 (in particular, det(M') = 1) with D’ = uD for some
scalar p prime to p. Since the only diagonal matrix with determinant 1 in Hyn+:
is the identity, we get N’ =1 and D’ = 0. As p is invertible, this implies D = 0
as desired.

On the other hand, S,, 11 — being the kernel of the determinant — is normal in
Hpni1, hence in particular is stable under conjugation by the diagonal matrices
d(x). Let M = AId+A be any element of S, 1 and let € A,,11. Then S,
also contains d(x) - M - d(z)~! and their product M - d(x) - M - d(z)~!, that is,

ATd+A)(ANTd +d(z) - A-d(x)™h). (2.A.1)

Like all elements of S, 11, this matrix has the form X\ Id +A’ for some scalar \
and some anti-diagonal matrix A’. The diagonal part of (2.A.1]) is A + A - d(x) -
A-d(z)™t, so A-d(x)- A-d(x)~! is a multiple of the identity modulo p™+!.

0
Writing A = Y , the condition becomes
z

(29 B@Y g moa
(ﬁ(m) a(:p))_ (mod p"™7). (2.A.2)

Y

We will show below that there exists M € S, 41, M = Ald+ , with

z
vp(yz) < k — 1. Assuming for now that we have such an M, in Equation (2.A.2)

2
we may assume v,(yz) < k — 1, hence we obtain (%) = 1 (mod p"*+2=F).

Recalling that a(z) = 2%, B(z) = x°, this rewrites as 2% = 2 (mod p"*2-F)
(notice that x + 2 is an automorphism of A, ;1). Raising to the pF~1-th power
1
b

k—1 k—
we get P ¢ = gP (mod p™*1), hence

= = d (o) € Hyn

for every © € A,41. Recall now that at least one between a and b is prime to
p, say (a,p) = 1: then z — z is an automorphism of A, 11, so it follows that
all the p*~!-th powers of the scalars = 1 (mod p) are in Hpni1. The induction
step is now complete, because all scalars congruent to 1 modulo p* are pF~!-th
powers in Aj,41.
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It only remains to show that we can find an element M € S, .1 such that,

0
writing M = A1d + Y , we have v,(yz) < k — 1. We first prove that it
0

. nipz Ni2 .
is enough to find N = € Hynr with vp(n12n21) < k — 1. Indeed,

n21  N22
given such an N, we know from above that there is a diagonal matrix Q =
g1 O . 1 . . .
0 € Hpns1 with det(Q) = det(N)~*. Notice that q11, g22 are invertible.
q22

n n
Then NQ = it g belongs to S, 11, so it is automatically of the form

q11M21 (22722
AId +A, and its anti-diagonal part satisfies v,(gaani2 g11n21) = vp(n12n21) < k—1
as desired. Thus it suffices to find N € H,n+1, of arbitrary determinant, with
’Up(nlgngl) g k—1.

By Remark [2.A.4] there exists g € H that reduces modulo p to

or : for simplicity of exposition, we only discuss the former case, the
1
1 . . . g1 912 . .
atter being completely analogous. Consider the image of g in Hk:
g21  g22
since vp(g12) = 0, if v,(g21) < k — 1 we are done by taking N = g mod p™*!.
. . hir hia) | .
Otherwise, let h € H be an element whose image in Hpx satisfies
ha1  haa

vp(h21) < k — 1: such an element exists, for otherwise H,» would be contained
in the subgroup of upper-triangular matrices. If v,(hi2) = 0 we are done by
taking N = h mod p" 1, while if v,(h12) > 0 it is easy to check that we can take
N = hg mod p"*1. O

Remark 2.A.8. Part of the proof is inspired by the structure theorem for re-
ductive groups. Indeed, in the course of the argument we prove that the di-
agonal torus of H,.+1 is isomorphic to A, i, which is the pro-p subgroup of
Gm(Z/p"T'Z), that Spi1 = Hyn+r N SLo(Z/p" T Z) (morally, the derived sub-
group) intersects the diagonal torus trivially, and finally that the conjugation
action of the torus on the “semisimple part” S, is (essentially) trivial, so that
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the diagonal torus (essentially) consists of scalar matrices. This is reminiscent of
the decomposition G = Z(G).G’ that holds for reductive groups, and indeed hy-
pothesis (2) of the proposition may be seen as a discrete analogue of the statement
“H is reductive”.



Chapter 3

Radical entanglement for
elliptic curves

by Sebastiano Tronto [Tro20]

1 Introduction

1.1 Setting

Let K be a number field and fix an algebraic closure K of K. If G is a com-
mutative connected algebraic group over K and A is a finitely generated and
torsion-free subgroup of G(K), for any positive integer n we may consider the
field K (n’lA), that is the smallest extension of K inside K containing the co-
ordinates of all points P € G(K) such that nP € A. This is a Galois extension
of K containing the n-th torsion field K(G[n]) of G.

If G = G,, is the multiplicative group, such extensions are studied by classical
Kummer theory. The more general case of an extension of an abelian variety by a
torus is treated in Ribet’s foundational paper [Rib79]. Under certain assumptions,
for example if G is the product of an abelian variety and a torus and A has rank
1, it is known that the ratio

,rLS

[K (n=1A) : K(Gn])]

(1.1)

103



104 CHAPTER 3. RADICAL ENTANGLEMENT FOR ELLIPTIC CURVES

where s is the unique positive integer such that G(K)[n] = (Z/nZ)® for all n > 1,
is bounded independently of n (see also [Ber88, Théoreme 5.2] and [Hin88| Lemme
14)).

In [Chapter [1] Lombardo and the author were able to give an effective bound
for the ratio if G = E is an elliptic curve with Endg (E) = Z and A = («)
has rank 1. Moreover, a uniform bound in the case K = Q, under some necessary
assumptions on the divisibility of a in E(K)/E(K )tors, Was given.

The bounds given in [Chapter |1 essentially depend on three properties of E
and a:

(1) The finitess of the divisibility of a in E(K)/E(K )tors;

(2) Properties of the ¢-adic Galois representations associated with FE, for every
prime ¢;

(3) The finiteness of the exponent of H'(Gal(K (E(K)iors) | K), E(K )tors)-

The goal of the present paper is twofold: firstly, we use the properties of r-
extensions of abelian groups introduced by Palenstijn in [Pal04] and [Pall4] to
generalize the methods of [Chapter [1] to groups A of arbitrary finite rank and
any commutative connected algebraic group G that satisfies the same properties
mentioned above. The result we obtain is the following (see Theorem [5.9):

Theorem 1.1. Let G be a commutative connected algebraic group over a number
field K and let A C G(K) be a finitely generated and torsion-free subgroup of
rank r. Let s be the unique non-negative integer such that Gln] = (Z/nZ)* for
alln > 1. Let H denote, after a choice of basis, the image of the adelic Galois
representation associated with G over K

Gal(K | K) = GL,(Z).

For every prime £, let Hy denote the image of H under the projection GLg (2) —
GL4(Z¢) and denote by Ze[Hy) the closed Z¢-subalgebra of Matsxs(Z¢) generated
by Hy. Assume that

(1) There is an integer d4 > 1 such that

da-{P€G(K)|3n€Nsy: nP € A} C A+ G(K)ors -

(2) There is an integer N > 1 such that Ze[He] O N Matgys(Zg) for every
prime £.

(3) There is an integer M > 1 such that the exponent of the cohomology group
HY(Gal(Ky | K),G(K )tors) divides M, where Ko = K(G(K )tors)-
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Then for every n > 1 the ratio
nT'S

[K (n=1A) : K(Gn])]

divides (daNM)"s.

The first condition of Theorem [I.1]is always satisfied if G is an abelian variety
or G = Gy, (see Example. We call such an integer d4 a divisibility parameter
for A in G(K). One has dg = 1 if, for example, the group G(K) is finitely
generated and torsion-free and A = G(K).

Notice that if a set of generators for A is known, modulo the torsion subgroup
of G(K), in terms of a Z-basis of G(K)/G(K )tors, One can compute a divisibility
parameter d4. See section [6.1

Our second goal is to apply Theorem [I.1] to some specific cases. In particular,
we generalize the results of [Chapter [I] to the case of arbitrary rank. Theorems

and below follow from Theorems [6.14] [6.16] and [6.17] and Lemma

Theorem 1.2. Let E be an elliptic curve over a number field K such that
Endg (F) = Z. Let A be a finitely generated and torsion-free subgroup of E(K)
of rank r. There is an effectively computable integer N > 1, depending only on
FE and K, such that for everyn > 1

n2r

(K (01 4): K(E[])] divides (daN)

where da is a divisibility parameter for A in E(K).

Theorem 1.3. There is a universal constant C > 1 such that for every elliptic
curve E over Q, for every torsion-free subgroup A of E(Q) and for everyn > 1

n2 rk(A)
[Q(n="A4) : Q(E[n])]

where da is a divisibility parameter for A in E(Q).

divides  (d,C)*™

1.2 Notation

If A is an abelian group and n is a positive integer we denote by A[n] the subgroup
of the elements of A of order dividing n. We denote by Aiors the subgroup
consisting of all elements of A of finite order. We denote by rk(A) the rank of A,
that is the dimension of A ®7 Q as a Q-vector space.

If R is a commutive ring, then we denote by Mat,w,(R) the R-module of
n x m matrices with entries in R, which we regard as an R-algebra if n = m. If
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at least one between n and m is zero then Mat,, ., (R) is the R-module ring (or
trivial R-algebra if n = m = 0). For n > 0 we denote by GL,,(R) the group of
invertible n x n matrices with entries in R.

For any prime number ¢ and any non-zero integer n we denote by v;(n) the
{-adic valuation of n. We denote by Z, the ring of ¢-adic integers and by 7 the
ring of profinite integers, which we identify with the product [, Z,.

If K is a number field and K is a fixed algebraic closure of K, we denote by
¢, a primitive n-th root of unity in K, for any positive integer n. If G is any
algebraic group over K and L is any field extension of K, we denote by G(L) the
group of L-points of G. If S is a subset of G(K), we denote by K () the subfield
of K whose elements are fixed by

H={geGal(K|K)|g(P)=P YPeS}.

If G is embedded in an affine or projective space (notice that, as a consequence of
Chevalley’s structure theorem, any algebraic group over a field is quasi-projective)
then K(S) coincides with the field generated by K and any choice of affine coor-
dinates of all points P € S.

1.3 Structure of the paper

After some necessary group-theoretic preliminaries in Section we investigate
in Section[3]the theory of s-extensions of abelian groups introduced by Palenstijn.
Much of the content of that section can be found, with few differences, in [Pal04].

We then move on to prove some Z-linear algebra results in Section |4} and
finally develop our theory of entanglement for commutative algebraic groups in
Section[5] In Section [6] we apply this theory to the case of elliptic curves without
complex multiplication.

1.4 Acknowledgements

I am grateful to my advisors Antonella Perucca and Peter Bruin for their constant
support during the preparation of this paper. I am also very grateful to Hendrik
Lenstra and Peter Stevenhagen for giving me some of the main ideas for this
work.

2 Group-theoretic preliminaries

We collect here some basic group-theoretic results that we will need throughout
this paper.
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2.1 Pontryagin duality

Let G be a locally compact Hausdorff topological abelian group. Let S = R/Z
with the usual topology. The group Hom(G, St) of continuous homomorphisms
from G to S* endowed with the compact-open topology is itself a locally compact
abelian group, and it is called the group of characters or the (Pontryagin) dual
of G (see [Pon66, Chapter 6]). We will denote it by G*.

Example 2.1. Consider Q/Z as a topological group with the discrete topology.
We have (Q/Z)" = Z. To see this, notice first that for every positive integer n
there is a natural isomorphism

iz,
Hom (”Z, Q/Z) > 7Z/nZ

given by sending a homomorphism ¢ : %Z/Z — Q/Z to the unique d € Z/nZ
such that ¢ (%) = %. Now we have
Hom(Q/Z, S*) = Hom(Q/Z,Q/7Z) =
~H li i Z
= Hom % 77(@/

. 17
= lngom <Z,Q/Z> o

I

The maps forming this last projective system are just the natural projections,
since for n | m the restriction of

p:Z/mZ — Q/Z
1,4

m - m
to Z/nZ maps + to %. So we get Hom(Q/Z, S) = Z.
Remark 2.2. In Section [4] we will need a higher-dimensional analogue of Fx-

ample By the previous example we easily deduce that, for r,s > 1, the
group Hom((Q/Z)", (Q/Z)*) can be identified with Matsx,(Z). This can be seen
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directly on the finite level as follows: let

%
(3:0,050) = (4 %)
) — (m da2 ds2)
n n

be a group homomorphism. The matrix D, = (d;;) € Matsy,(Z/nZ) com-
pletely describes the homomorphism ¢, and the map ¢ — D,, is easily checked to
be a group isomorphism between Hom((1Z/Z)", (17Z/Z)*) and Matyx,(Z/nZ).
Passing to the limit in n we obtain a description of the natural isomorphism
Hom((Q/Z)", (Q/Z)°) & Matyx, (Z).

Furthermore, if 7 = s the map ¢ — D, is a ring homomorphism from

End((Q/Z)®) to Matgsxs(Z). This allows us to identify Aut((Q/Z)*) =
End((Q/Z)%)* with GL4(Z).

Theorem 2.3 (Pontryagin duality, see [Pon66, Theorems 39 and 40]). The hom-
functor Hom(—, S*) that maps G to its dual G is an anti-equivalence of the cate-
gory of locally compact Hausdorff topological abelian groups with itself. Moreover
(G™M™ is naturally isomorphic to G.

This anti-equivalence induces an inclusion-reversing bijection between the
closed subgroups of any locally compact topological abelian group G and those
of G™, given by

{closed subgroups of G} “ {closed subgroups of G"}
U = AmU={feG"| f(u)=0VueU}
{geG| flg)=0YfecV}=AmV <« 14

Moreover, G is discrete if and only if G™ is compact, and G is discrete and
torsion if and only if G is profinite.

2.2 Relative automorphism groups

In this section we establish some basic results on relative automorphism groups of
abelian groups, that is the groups containing those automorphisms that restrict
to the identity on a given subgroup.
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If A is an abelian group and B, C' are abelian groups containing A as a sub-
group, then we denote by Hom4 (B, C) the set of homomorphisms B — C' that
restrict to the identity on A. Similarly we define the ring of endomorphisms
End4(B). We also denote by Aut4(B) the group of all automorphisms of B that
restrict to the identity on A, that is the group of invertible elements in the ring
End4(B). We call any element of Aut4(B) an A-automorphism of B.

Lemma 2.4. Let M and N be abelian groups and let A and B be subgroups
of M. If f : A = N and g : B — N are group homomorphisms such that
flanB = gjanB; then there exists a unique map ¢ : A+ B — N such that |4 = f
and o =g.

Proof. This is just a rephrasing of the universal property of A+ B as the pushout
of ANB<— Aand ANB < B. O

Definition 2.5. Let A C B C M be abelian groups. We say that B is A-normal
in M if the restriction to B of every element of Aut 4 (M) is an automorphism of
B.

If B’ C M is a subgroup not necessarily containing A, then we say that B’ is
A-normal in M if the following two conditions hold:

(1) The group B’ is (AN B’)-normal in A+ B’ and
(2) The group A + B’ is A-normal in M.

Remark 2.6. The choice of the word normal in the above definition is in analogy
with the case of field extensions in Galois theory.

Remark 2.7. Let A C B C C C M be abelian groups. If C' is A-normal in M,
then C' is also B-normal in M. If B is A-normal in C and C is A-normal in M,
then B is A-normal in M.

If AC B C M are abelian groups, then B is A-normal in M if and only if the
restriction map Auta (M) — Homy4 (B, M) factors via Aut 4(B). In this situation
we call this map Aut (M) — Aut4(B) the natural restriction map.

Lemma 2.8. Let M be an abelian group and let A, B C M be subgroups of
M. Assume that B is A-normal in A + B. Then the natural restriction map
Autanp(A + B) = Aut anp(B) induces an isomorphism

Aut4(A + B) = Autanp(B).

Proof. The inclusion Aut(A+B) < Autanp(A+ B) composed with the natural
restriction yields a group homomorphism p : Aut4(A+ B) — Autanp(B), which
is injective because ker p = Auts (A + B) = 1.
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Let 0 € Autanp(B) and let & : A+ B — A+ B be the homomorphism
obtained by applying Lemma to o and id4. This map is clearly surjective,
since every element of A and every element of B are in its image. If 5(a+b) =0
for some a € A and some b € B, then o(b) = —a € AN B, which implies that
b€ AN B and thus a + b = 0. So & is injective, thus an automorphism. We
conclude that p is an isomorphism. O

2.3 Projective limits of exact sequences

Remark 2.9. Let
1-A—-G—H-—1

be an exact sequence of groups, and assume that A is abelian. Then there is a
natural left action of H on A, defined as follows.

Let h € H and consider any lift & € G of h. Then the action of h on a € A is
defined as

hah™!

where we see a as an element of G via the inclusion map. This definition does
not depend on the choice of the lift h because if 1 is a different lift of A then
h = hb for some b € A, and we have hah~! = hbab='h~! = hah~!. Moreover
hah=! is mapped to 1 in H, so this clearly defines an action of H on A.

Lemma 2.10. Let I be a partially ordered set. For everyi € I let A; denote an
exact sequence of topological groups

1= A, — A — Al =1

such that A, and A} have the subspace and quotient topology with respect to A;,
respectively. For every i < j let p;; : Aj — A; be a map of exact sequences such
that {(A)icr, (pij)ijer} is a projective system. Let {A, (m;)icr} be the limit of
this projective system, where A is

154 A4 —1.

Then the subspace topology on A’ and the quotient topology on A" coincide with
their respective limit topology.

Proof. The limit topologies on A and A’ are the subspace topologies with re-
spect to the products [],.; A; and [];.; 4], respectively. Since each A} has the
subspace topology with respect to A;, it follows that J],.; A; has the subspace
topology with respect to [[,.; 4s, so A’ has the subspace topology with respect
to A.

iel
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In order to show that the limit topology on A" is the quotient topology, we
need to show that every U C A" is open for the limit topology if and only if
its preimage in A is open. If U C A" is open for the limit topology, there is
V' C [l;e;r A7 open such that VN A” = U. Its preimage W C [],.; 4; is open
and such that W N A, which coincides with the preimage of U in A, is open. On
the other hand, if the preimage V' C A of U is open, there must be W C [[,.; 4;
open and such that W N A = V’'. But then, since a quotient map between
topological groups is open and the product of surjective open maps is open, the
projection V' of W in [],.; A7 is open, and so is V' N A”, which coincides with
U. O

3 The s-extensions of abelian groups

In this section we are going to revisit the theory of certain kinds of extensions
of abelian groups that were first introduced by Palenstijn in his master thesis
[Pal04]. These extensions arise naturally when considering the so-called division
points of a certain subgroup A of the rational points of a commutative algebraic
group. In particular, the automorphism groups of these extension provide a
framework to study the Galois groups of field extensions generated by division
points.

3.1 General definitions and first results

Fix a positive integer s.

Definition 3.1. Let A be a finitely generated abelian group. An s-extension of
A is an abelian group B containing A such that:

(1) B/A is torsion;
(2) the torsion subgroup of B is isomorphic to a subgroup of (Q/Z)*.

Remark 3.2. A necessary (and sufficient) condition for a finitely generated
abelian group A to admit an s-extension is that the torsion subgroup Ao of A
can be embedded in (Q/Z)".

Definition 3.3. Let A be a finitely generated abelian group. For every s-
extension B of A, every a € A and every positive integer n we call any b € B
such that nb = a an n-division point of a (in B). We denote by

ng'a:={b€ B|nb=a}
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the set of n-division points of a. We omit the subscript B from ngl if this is
clear from the context. We also denote by

Bn:={beB|nbe A} = | nz'a
acA

the set of all n-division points of elements of A, which is again an s-extension of
A. Notice that for n | m we have B,, C B,,, and that B = Un>1 B,.

Remark 3.4. Assume that n]_gla is not empty. Then for any fixed by € ngla,
the map

ng'a — Bn]
b b—by

is a bijection.

The following lemmas will be used in what follows, in particular in Section

Lemma 3.5. Let B and C be two s-extensions of a finitely generated abelian
group A and let ¢ : B — C be a group homomorphism that is the identity on A.
For every a € A and every b € ngla we have ¢(b) € ngla. In particular, we
have p(By,) C C,.

Proof. It is enough to notice that np(b) = p(nb) = ¢(a) = a. O

Lemma 3.6. Let B and C' be two s-extensions of a finitely generated abelian
group A and let ¢ : B — C be a group homomorphism that is the identity on
A. The kernel of ¢ is contained in Bios. Moreover, if for every prime £ the
restriction of ¢ to B{] is injective, then ¢ is injective.

Proof. Let b € kerp and let n be a positive integer such that nb = a € A.
By Lemma we have 0 € nala, which implies that ¢ = 0. In particular, b
is torsion. For the second assertion, assume that b # 0 and let ¢ be a prime
dividing the order of b. But then b has a multiple of order ¢ which is in ker ¢, a
contradiction. O

Lemma 3.7. Let B be an s-extension of a finitely generated abelian group A and
let o : B — B be an endomorphism that is the identity on A. If ¢ is injective,
then it is an automorphism.

Proof. Assume first that ¢ is injective and let b € B. Let n be a positive integer
such that nb = a € A. By Lemma [3.5| we have p(n~ta) C n~'la. Since n~la is
finite there must be some b’ € n~'a such that p(b') = b, hence ¢ is surjective. [
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The following proposition gives a criterion to verify if an s-extension is normal
in the sense of Definition 2.5

Proposition 3.8. Let B be an s-extension of a finitely generated abelian group
A and let C C B be a subgroup. If Homanc(C, B) C Homanc(C,C), then C is
A-normal in B.

Moreover, under the same assumptions, for every A C A’ CC C B’ C B we
have that C is A'-normal in B’'.

Proof. First of all, notice that C' is an s-extension of A N C and that A+ C' is
an s-extension of A. Let now o € Autanc(A + C) and consider its restriction
oc:C — A+ C. We then have

oc € Homane(C, A+ C) C Homane(C, B) € Homanco(C, C).

Moreover o¢ is injective, thus an automorphism by Lemma [3.7} This shows that
Cis (ANC)-normal in A+ C.

To see that A + C is A-normal in B, let 7 € Auts(B) and consider its
restriction 744¢ : A+ C — B. Since 7 is the identity on A and the image of its
restriction to C'is contained in C' by assumption, we have that the image of 744¢
is contained in A + C. Since 7 is injective, by applying Lemma [3.7] we see that
Ta+c is an A-automorphism of A + C, so we conclude that A + C' is A-normal
in B. Thus C is A-normal in B.

The second assertion follows from the first by noticing that Hom /o (C, B’)
is contained in Homne(C, B). O

Example 3.9. Let B be an s-extension of a finitely generated abelian group A.
Proposition 3.8 can be applied in the following cases:

(1) Let C be either Bios or B[n] for some positive integer n. Then the image of
every group homomorphism from C' to B is contained in C, so in particular
Homanc(C, B) € Homane(C, C).

(2) If C = B, for some positive integer n, then by Lemma we have
Homy (B, B) C Hom (B, B,,) and hence

HomAﬁBn (Bna B) g HomAﬁBn (Bna Bn)

3.2 Automorphisms of s-extensions

We now study the automorphisms of an s-extension that are the identity on the
base group. Recall that if B is an abelian group and A C B is a subgroup we
denote by Aut(B) the group of all automorphisms of B that restrict to the
identity on A.
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Fix for the remainder of this section a finitely generated abelian group A.
The following result is a generalization of [Pall4l Lemma 1.8], and the proof
is essentially the same. We include it here for the sake of completeness.

Proposition 3.10. Let B be an s-extension of A and let C C B be a subgroup. If
C' is A-normal in B, the image of the restriction map Aut o(B) — Homnc(C, B)
18 AutAmc(C).

Proof. By Lemma we have Auta(A + C) = Autsnc(C) via the restriction
map, so it is enough to show that the restriction Aut4(B) — Aut4(A+C), which
exists because A + C' is A-normal in B, is surjective. Thus we may assume that
ACC.

In view of Lemma it is enough to prove that every ¢ € Aut(C) can
be extended to an injective homomorphism B — B. Consider the set of pairs
(M, @), where M is a subgroup of B containing C and ¢ : M — B is an injective
homomorphism extending ¢, ordered by inclusion

(M, ¢) C (M',¢) = MCM and ¢ =9
By Zorn’s Lemma this ordered set admits a maximal element (B , ) and we need
to show that B = B. We prove this by contradiction, assuming that there exists
& € B\ B and proving that we can then extend @ to an injective map (B, z) — B.

Assume first that the order of z is a prime number ¢. An element of B
mapping to B[¢] must be in B[f] because @ is injective. Since z € B[(]\ B[{] we
have #B[{] < #Bl{], so there must be y € B[¢] \ {0} that is not in the image of
. Using Lemma we can then extend @ to (B, z) by letting @(x) := y. The
map we obtain is still injective, so we may assume that B contains all elements
of prime order of B.

Let now k be the smallest positive integer such that kz € B. Up to replacing
x with a suitable multiple, we may assume that & = ¢ is a prime number. Let
b=z € B. The fact that B[¢] C B implies that £5'b C B\ B.

Consider now $(b) € B and let y € £5'3(b). If y € Tm(p), then there is z € B
such that @(z) =y, thus ¢(€z) = ly = ¢(b) and so £z = b, a contradiction. Since
BN (x) = (fzx) and ¢(fx) = Ly, using again Lemmawe can extend ¢ to (B, z)
by letting @(x) := y. By Lemma the homomorphism (B, z) — B that we
obtain is still injective.

We conclude that B = B, thus the restriction map Auta(B) — Auts(C) is
surjective. O

Proposition 3.11. Let B be an s-extension of A. There is a canonical isomor-
phism

v Autayp,,. (B) =2 Hom(B/(A + Btors), Biors)
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which sends any o € Autayp,, . (B) to the group homomorphism [b] — o(b) — b.
Proof. Let o € Autayp,,,.(B). By Lemma [3.5] we can define a map

(pa : B/(A + Btors) — Btors
[b] — o(b) —b

which is clearly a group homomorphism. We claim that the map

¢ Autayp,,,.(B) = Hom(B/(A + Biors), Btors)
0 Yy

is also a group homomorphism. To see this, let 0,7 € Autaip,,.(B). Notice
that, since 7(b) — b € Byoys for every b € B, we have o(7(b) —b) = 7(b) —b. Then
we have

which proves our claim.
The homomorphism ¢ is injective, because if ¢, = 0 then o(b) = b for all
b € B. To see that ¢ is surjective, for any v € Hom(B/(A + Biors), Btors) let

oy:B— B
b—s b+ ([b])

which is clearly a group homomorphism that is the identity on A 4+ Biops. It is
also injective, because if b+ ¢([b]) = 0 then b = —([b]) must be a torsion point,
hence —b = 9([b]) = 1(0) = 0. By Lemma [3.7} we have o, € Autayp,,,, (B) and
clearly 5, = %, so ¢ is surjective. We conclude that ¢ is an isomorphism. [

Combining the previous results, we obtain a fundamental exact sequence that
provides our framework for the study of Kummer extensions.

Proposition 3.12 ([Pal04, Corollary 3.12 and Corollary 3.18]). Let B be an
s-extension of A. There is an ezact sequence

0 — Hom ( ,Btors> — Aut4(B) — Autag,,,. (Biors) — 1.

_B
A + Btors

Moreover, the group Auta,.. (Biors) acts on Hom (B/(A + Biors), Biors) by com-
position.
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Proof. Notice that Biors is A-normal in B by Example so the restriction
Auty(B) — Autay,,, (Biors) is surjective by Proposition [3.10} and its kernel is
Aut a4 B,,,.(B). By Proposition we have

AutA+ers (B) = HOHI(B/(A + Btors)7 Btors)

so we get the desired exact sequence.

It follows from the existence of the exact sequence above and by Remark
that the group Aut 4, (Btors) acts naturally on Hom (B/(A + Btors), Btors). Let
now ¢ € Hom (B/(A + Biors), Biors) correspond to the automorphism oy : b —
b+ ¢([b]) via the isomorphism of Proposition and let 7 € Auta,_,_(Biors)-
Let moreover 7 be any lift of 7 to Aut4(B). Then for every b € B we have

(Fooy o7 1)(b) =7 (771(b) +v([F' (b)) =
=b+7 (W([F' ()

and since 7! fixes A, as in the proof of Proposition we have that 771(b)—b €
Biors- It follows that o ([771(b)]) = ¥([b]), so

(Fooy o7 ) (b) = b+ F(W([b])) = b+ (1o v)([B]),

where the last equality follows from the fact that ¢¥([b]) € Biors. We conclude
that the natural action of Auta,,,. (Btors) on Hom (B/(A + Biors), Btors) 18 given
by composition. O

3.3 Profinite structure of automorphism groups

Fix for the remainder of this section a finitely generated abelian group A. For
any s-extension B of A and for any positive integer n we can consider the group
B,, and its automorphism group Auta(B,) which, according to the following
proposition, is finite.

Proposition 3.13. Let B be an s-extension of A and assume that B/A has finite
exponent. Then the automorphism group Auta(B) is finite.

Proof. In view of Proposition [3.12] it is enough to prove that
Hom (B/(A + Biors), Btors) and Auta, . (Biors) are finite. But this follows from
the fact that both Biors and B/(A+ Biors) are finite, since A is finitely generated,
B/A has finite exponent and Biors embeds in (Q/Z)°. O

Let B be an s-extension of A. By Proposition for every positive n we
have an exact sequence

By

H P
O o (A + Bn,tors

5Bn,tors> — AutA (Bn) — AutAtors (Bn,tors) —1
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and for every n | m the restriction maps make the following diagram commute:

B
H — B tors Aut B, Aut B tors 1
0 — Hom <A+Bm,tors’ t ) — Auta(Bn) — Auta,,,. (Bm.tors) —

i .

B,
0 — Hom [ ————, Bntors | — Auta(Bn) — Auta,,..(Bntors) — 1
A + Bn,tors ’ s ’

Notice that the rows of this diagram are exact and that every vertical map is
surjective by Propostion In fact, we have

e The map on the left is, once we apply Proposition the restriction map

AUtA"er,cors (Bm) — AutA"an,tors (B’ﬂ)

and A+ DBy, tors is A-normal in A+ By, tors Dy Proposition (notice that the
image of any A-homomorphism from A+ B,, tors t0 A+ By tors 1S contained
in A + Bn,tors)~

e The group B, is A-normal in B,, by Example 2) and Proposition

e The groups By tors and By, tors are s-extensions of Agors, and By tors 1S
Agors-normal in By, ors by Example 3.9(1) and Proposition

Proposition 3.14. Let B be an s-extension of A. The groups Aut 4(By,) together
with the natural restriction maps ppm : Auto(By,) — Auta(B,) for n | m form a
projective system. The group Aut 4(B) together with the natural restriction maps
pn s Aut 4 (B) — Aut4(By,) is the limit of this projective system.

Proof. By Proposition the restriction map p,, : Auta(B) — Auty(B,,) is
surjective for every m. Since for every n | m we have p, = ppm © pm, the map
Pnm 18 surjective as well. These maps are clearly compatible, so they form a
projective system.

Let G be any group with a compatible system of maps ¢, : G — Aut4(By).
Then we can define a map ¢ : G — Aut4(B) by letting for every g € G and every
be B

©(9)(b) == wn(g)(b)

where n is such that b € B,,. It is easy to check that this map is well-defined and
that it is the unique map G — Aut4(B) compatible with the projections. O
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From the above proposition it follows that the projective limit of these exact
sequences is the same exact sequence of Proposition [3.12

0 — Hom ( ,Btors> — Aut4(B) — Auty,,,. (Biors) — 1.

A + Btors

Since this sequence is a projective limit we can endow the groups involved
with the natural profinite topology by giving each finite group the discrete topol-
ogy. The maps appearing in the exact sequence above are then continuous
and, in particular, Hom (B/(A 4 Btiors), Btors) and Aut 4, . (Btors) have the sub-
space and quotient topology, respectively (see Lemma . Notice also that
Hom (B/(A + Btors), Btors), being the kernel of a continuous homomorphism, is
a closed normal subgroup of Aut4(B).

We have obtained the following refinement of Proposition [3.12}

Proposition 3.15. Let B be an s-extension of A. The group Auta(B) to-
gether with the natural restriction maps is the projective limit of the finite groups
Aut4(By), thus it is a profinite group. In particular, Auta(B) is a compact
Hausdorff topological group.

There is an exact sequence of profinite groups

0 — Hom < ,Btors> — Auta(B) — Autg,,,. (Btors) — 1.

_B
A + Btors

Moreover, the group Auta,_, (Biors) acts on Hom (B/(A + Btors), Biors) by com-
position, and the action is continuous.

3.4 Full s-extensions

In this section we give a characterization of the mazimal s-extensions of [Pal04]
Section 2.2]. We will not prove here the maximality of these extensions in the
sense of [Pal04] Theorem 2.6], hence the change of name to full s-extensions.
Our motivation for the study of these kind of extensions is that they provide a
useful abstraction for the set of points of a commutative algebraic group that
have a multiple in a fixed subgroup of rational points, in other words it is “full”
of all division points. However, the equivalence of the two definitions follows
immediately from Proposition [3.19

Definition 3.16. Let A be a finitely generated abelian group. An s-extension I
of A is called full if T is a divisible abelian group and T'yors = (Q/Z)%.

Remark 3.17. Recall from Remark that a necessary condition for A to
admit any s-extension is that Ao can be embedded in (Q/Z)%. This condition
is also sufficient for A to admit a full s-extension. To see this, fix an isomorphism
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A= 7N @T where T is a finite subgroup of (Q/Z)*. Then the natural inclusion
7N T — Q™A @ (Q/Z)® realizes Q) @ (Q/Z)* as a full s-extension of A.

Remark 3.18. Let I' be a full s-extension of a finitely generated abelian group
A. Then Tios = (Q/Z)% is a divisible abelian group. It follows that the exact
sequence

0= Tiors > =T /Tiors = 0

splits (non-canonically), so that I' 2 (T'/T'iors) ® Ttors = (I'/Tiors) ® (Q/Z)5.

The following proposition shows in particular that a finitely generated abelian
group A can have at most one full s-extension, up to (a not necessarily unique)
isomorphism.

Proposition 3.19. Let A be a finitely generated abelian group of rank r which
admits a full s-extension I'. There is a canonical isomorphism

[/Tiors — A®7Q (3.1)

that sends the subgroup A/Aiors 0f T'/Tiors to A:={a® 1| a € A}.
Moreover, there is an isomorphism

r3Q e (Q/2) (3:2)
that sends A to Z" C Q.

Proof. Since I'/A is torsion, for every b € T' there is an integer n > 1 such that
nb € A. Let ny, := min{n € N>; | nb € A}. We define a map

’(/)F—)A@ZQ

1
br— (nbb) & —.
ny
The map % is a group homomorphism. To see this, notice first that for every
b €T and every n € N3 such that nb € A we have (nb) ® L = (nyb) ® n%, Then
for every b,c € I' we have

1
=npne(b+¢) ® =

b = (b
Y(b+c) =npic( +C)®nb+c .

1
+ (npnec) @ =
npne NpNe

—(npb) @ nib + (ned) ® ni _
= (b) + ¥(c).

=(npnd) ®
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The map 1 is also surjective: in fact, let @ € A and n € N3;. Since I' is divisible,
there must be an element b € I such that nb = a, and thus 1(b) = a ® L.

Now we show that the kerv = I't,s. If b € I' has order n > 1, then ¢(b) =
(nb)®+ = 0, showing that b € kert). On the other hand, if 1(b) = (nbb)®nib =0,
then necessarily nyb = 0, so that b € I'ior5. So we get an isomorphism which sends
A/Ators to Z

For the second part, since A has rank r we have A ®; Q = Q". It follows
from the first part that there is an isomorphism I'/T'yors — Q" that sends A/Aors
to Z" C Q". The conclusion follows by combining this with any isomorphism
'S (T/Tiors) @ (Q/Z)* (see Remark O

Remark 3.20. In Propositionthe isomorphism is canonical, while the
isomorphism depends on the choice of three isomorphisms: an isomorphism
between A ®z Q and Q" (or, equivalently, a choice of a Z-basis of A/Asors), a
splitting isomorphism I' 2 (T"/Tiors ) BT tors (see Remark and an isomorphism

1—‘tors = (Q/Z)S

3.5 Automorphisms of full s-extensions

For this section, let A be a finitely generated and torsion-free abelian group
of rank r and let I" be a full s-extension of A. Notice that, since Ao = 0,
we have Auta, (Tiors) = Aut(Tiors) and Ty tors = I'[n] for every n > 0. By
Proposition [3.19] we can fix an isomorphism

o:I = Q & (Q/z)°

that maps A onto Z" C Q". This induces isomorphisms

T ~
o mm - DR Z Ta
ku A+Ftors — (Q/ )
Diors : TCiors = (Q/Z)S

Recall from Remark that we have canonical isomorphisms

Aut((Q/2)*) >~ GLy(2),

Hom((Q/2)",(Q/Z)*) = Matsx,(Z)

under which the action of Aut((Q/Z)®) on Hom((Q/Z)", (Q/Z)*) given by com-
position becomes matrix multiplication on the left. So we get isomorphisms

r o ~
(I)ltumm : Hom (A—f—l_‘tors’ 1_‘tors> — Mater(Z),

o Aut(Cyors) = GL.(2).

tors
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On the finite level, these isomorphisms induce, for every n > 0, isomorphisms

¥, : Hom (AI}LW,F[TL]) = Matyx, (Z/nZ)
On Aut(T'[n]) = GLs(Z/nZ)

which are compatible with the natural projections, in the sense that for every
n | m the diagrams

L Ym
Hom (A—|—F[m]’r[m]) —= Matgsx, (Z/mZ)

| |

n Pn
Hom (W,F[no —" Matsx, (Z/nZ)

and
Aut(T[m]) 22 GL4(Z/mZ)

| |

Aut(T[n]) == GL,(Z/nZ)

commute. This shows that the topology with which we endowed our automor-
phism groups coincides with the natural topology of the Z-matrix rings, as stated
in the following proposition.

Proposition 3.21. Let A be a finitely generated and torsion-free abelian group of
rank v and let T be a full s-extension of A. Consider the group AutA( ) with the
profinite topology described in Sectzon and the groups Matsw( ) and GLg ( )
with the topology induced by the profinite topology of A

Then every isomorphism of abelian groups

o:T 5 Q" o (Q/Z)*
that maps A onto Z" C Q" induces isomorphisms of topological groups

~

r ~
(bltumm . Hom (M’ Ftors) — MatsXT(Z),

Piors : Aut(Tiors) = GLy(Z).
Moreover, the action of Aut(I'iors) on Hom (I'/(A + Tiors), [tors) given by com-
position is identified under these isomorphisms with matrix multiplication on the

left.
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4 Some linear algebra

Motivated by the results of the previous sections we will now establish some
results of linear algebra over the ring Z. In particular, we are interested in

~

certain properties of Matsw(z) as a left Matsy s (Z)-module.
Fix for this section two non-negative integers s and r.

~ ~

Proposition 4.1. Let R := Matsxs(Z) and view M = Matsy,(Z) as a left
R-module. Let V. C M be a left R-submodule. Assume that there is a positive
integer n such that, viewing the elements of V' as maps (Q/Z)" — (Q/Z)*%, we
have

() ker f € (Q/Z)" [n]. (4.1)

fev
ThenV D nM.

Proof. Let L denote the right R-module Z* of row vectors and let N denote the
left R-module Z° of column vectors. Notice that there is a natural R-module iso-
morphism, obtained by applying @ g M to the natural isomorphism N @5 L — R:

N®s LepM — M
TR®YRdm = r-y-m

whose inverse is

v: M — NesLogM
m = Y e®fiom
where {e;} and {f;} are the canonical bases for N and L respectively.
Consider now the abelian group My, := L ® g M, which is isomorphic to Z"
via
LM — zr
YR = Y-
and its subgroup
Vi={(y®uv|ye L, veV).

Condition (4.1)) implies that, seeing the elements of Vi, as maps (Q/Z)" — Q/Z,
we have [y, ker f € (Q/Z)"[n]. Then by Pontryagin duality (Theorem [2.3)
we have Vi, D nMj,.
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The image of V in N ®5 L ® g M under the isomorphism 1 is
Y(V)=(zyeuv|zeN,yecLveV)={(xQuv, |z € N, v, € V)
and since
nN®; LOrp M) =(n(z@y®v)|zec N, yecL veM)=

={(zx@n(y®v)|zeN,yeL,ve M) =
=(x®w|zeN,wenMr)

we have
$(V) 2 n(N @5 Log M)
which is equivalent to V' 2O nM. O

Lemma 4.2. Let R be a compact topological ring and let M be a compact topo-
logical R-module. Let T C R be a subring of R and let S denote the smallest
closed subring of R containing T. If V. C M is a closed T-submodule, then V is
also an S-module.

Proof. Let v € V and consider the continuous map

foi:R—>M

T = TV

Since S is the closure of T' in R, we have

fo(S) = fo (m {C'| C closed, T C C C R})
C () {f,(C) | C closed, T € C C R}.

For any closed subset D of M containing f(7') we have that f~1(D) is closed and
contains T and f(f~1(D)) C D, so f,(S) is contained in the closure of f(T).
Since V' is a T-module, we have f,(T) C V, and since V is closed we have
f(S) C V by what we have just said. Since this holds for any v € V', we conclude
that V' is an S-module. O

The following proposition is essentially a generalization of [Chapter Propo-
sition 4.12(1)].

Proposition 4.3. Let R := Matsxs(Zy) and view M := Matsx,(Z¢) as a left
R-module. Let H be a closed subgroup of GLs(Z¢) and V. C M a closed left
H-submodule. Let W = R -V and let S denote the closed Zg-subalgebra of R
generated by H. Suppose that there are non-negative integers n and m such that



124 CHAPTER 3. RADICAL ENTANGLEMENT FOR ELLIPTIC CURVES

(1) W 24" M and
(2) S2ImR.
Then we have V D ("t™M .

Proof. Let T denote the (not necessarily closed) Zg-subalgebra of R generated
by H, so that S is the closure of T'. It is clear that V', being both a Z,-module
and an H-module, is a T-module. Since it is closed, V is also an S-module by
Lemma [£2] above.

Then we have VO S-V D /MR-V = (MW D ™. ¢("M. O

The following result is an adelic version of Proposition [£.3]

Proposition 4.4. Let R := MatSXS(Z) and view M = MatSXT(Z) as a left R-
module. Let H be a closed subgroup of GLS(Z) and let V.C M be a closed left
H-submodule. Let W = R -V and, for every prime {, let H, denote the image
of H under the projection GL4(Z) — GLs(Z¢) and let Z¢[Hy) denote the closed
sub-Zg-algebra of Matsys(Z¢) generated by Hy. Suppose that there are positive
integers n and m such that

(1) W 2>nM;

(2) For every prime { we have Zg[Hp] O mMatsys(Zy).
Then we have V 2O nmM.

Proof. Let Ry := Matyys(Z¢) and My := Matgy,-(Z¢), so that

R=J[rR and M=]]M.
L £

Let moreover V;, and W, denote the images of V' and W in M, respectively.
Notice that V, is an Hy-submodule of M, and that W, is the R,-submodule of
M, generated by V.

By (1) we have that W, contains the image of nM in M,, which is nM,. By
(2) we have Z¢[Hy| 2 mMatsxs(Z¢), so we can apply Proposition [4.3|and deduce
that Vp, D nmM,.

We claim that V' = [, V4, seen as a subgroup of [[, M,. Clearly V C ], V,,
since every v € V is equal to the tuple (egv);, where e; € Z = I1Z, is the
element whose ¢-component is 1 and whose p-component is 0 for all p # ¢. For
the other inclusion, let (w¢), € [[, Ve. Since V; is the image of V' under the
natural projection, for every ¢ there must be w, € V whose ¢-component is wy.
Then the infinite sum

Z gy
¢
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converges to (wy)e in M: consider the sequence of partial sums

{zkbren = D ectie

sk keN

and let U C M be an open neighbourhood of (wy)¢, which must be of the form

Hng HMg

LN >N

for some integer N and some open neighbourhoods U, of wy in My; then clearly
v € U for all k> N.

Since V is closed in M, we must then have (wy), € V, which shows that
V=TI,V i

Since for every prime ¢ the multiplication-by-¢ endomorphism on a Z-module
is invertible on all prime-to-¢ components, we have [[, nmM, =[], gretnm) pp, —
nmM, so

V:HVg QHang:an
[ [

and we conclude. O

5 General entanglement theory

5.1 Initial remarks and definitions

Fix a number field K and an algebraic closure K of K. Let G be a commutative
connected algebraic group over K. It is well-known that there is a non-negative
integer s, depending only on G, such that G(K)[n] = (Z/nZ)* for all integers
n > 1. For example, if G is an abelian variety of dimension g, we have s = 2g.

Let A C G(K) be a finitely generated and torsion-free subgroup of rank r and
consider the divisible hull of A in G(K)

I''={PeG(K)|3IneNx;: nPec A} (5.1)

which is a subgroup of G(K) and a full s-extension of A.
We have I'iors = G(K )tors, which we will also denote by Giors. We also have

A + G(K)tors - rn G(K)

The quotient group (I'N G(K))/(A + G(K)tors), being a quotient of a subgroup
of T'/A, is always a torsion group.
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Definition 5.1. We call any integer d4 > 1 such that da(I' N G(K)) C A+
G (K )yors a divisibility parameter for A in G(K). If such an integer exists, we say
that A has finite divisibility in G(K).

Example 5.2. (1) If G(K) is finitely generated, every torsion-free subgroup A C
G(K) has finite divisibility in G(K): in fact, the abelian group
TNG(K))/(A4+ G(K)tors) 1s torsion and finitely generated, so it is finite.

(2) Let G = G, be the multiplicative group, so that s = 1. In this case G(K) =
K> is not finitely generated, but it still holds that every finitely generated
A C G(K) has finite divisibility. In order to prove this it is enough to show
that for every prime number ¢ there is a non-negative integer my such that
the ¢-power torsion of (' N G(K))/(A + G(K )tors) is contained in

I'NG(K)
A + G(K)tors

and that we can take my = 0 for all but finitely many primes ¢. The first part
is just [DP16l Lemma 12]. As for the second part, assume that A admits a
strongly ¢-independent basis ay, ..., a, as in [PS19, Definition 2.1}, which is
true for all but finitely many ¢ by [PS19, Theorem 2.7]. Let b € ' N K* be
such that b*" € A - u(K) for some m > 1. Then

T
b = (T e
i=1

for some z1, ...,z € Z and some root of unity ( € K of order a power of
£. Since the a; are strongly ¢-independent, every x; is divisible by ¢"*. This
means that b € A- u(K) = A+ G(K)tors, 80 we can take my = 0.

Notice that the cited results are fully explicit, so a divisibility parameter for
A is effectively computable.

[

(3) Let G = G, be the additive group, so that s = 0. In this case no non-trivial
subgroup A C G(K) has finite divisibility. In fact we have

F:{b€f|3n€N;1 suchthatnbeA}gK.

Then (I' N G(K))/A = T'/A contains elements of unbounded order. Since
I' C G(K), Kummer theory for the additive group is trivial.

5.2 Torsion and Kummer representations and the entan-
glement group

Fix for the rest of the section a finitely generated subgroup A C G(K). For
simplicity, we will denote K(Giors) by Koo. We are interested in studying the
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tower of extensions K(I') | K« | K. Notice that K(I') is a Galois extension of
K: in fact it is the union of its finite subextensions of the form K(I',,), where
I, = {P € G(K) | nP € A}, which are Galois. Similarly, K., | K is Galois,
since it is the union of the finite Galois extensions K, := K(G[n]) of K.

The action of Gal(K | K) on G(K) gives rise, for every n > 1, to injective
homomorphisms

Gal((1,) | ) = At () = Hom (g 2 6.

Gal(K(T),) | K) < Auta(T,),
Gal(K,, | K) — Aut(G[n])
which by Proposition fit into the commutative diagram with exact rows
1 — Gal(K(T,) | K,) —— Gal(K(T',) | K) — Gal(K,, | K) — 1

i J |

0 — Hom (AIZW,G[TLD —— Auta(T,) —— Aut(Gn]) — 1

Taking the projective limit we obtain the following commutative diagram of
topological groups with exact rows:

1 —— Gal(K(T) | Koo) —— Gal(K(T) | K) — Gal(Ks | K) — 1

i J |

0 —» Hom L,Gtors — 5 Autg(T) —— Aut(Grors) —— 1
A + Gtors

and the Krull topology on the Galois groups coincides with the subspace topology
with respect to the automorphism groups.

Definition 5.3. We call the cokernel of the above defined map

r
Gal(K(F) | Koo) — Hom (1%’ Gtors)

the entanglement group of A, and we denote it by Ent(A).

Fixing an isomorphism as in Proposition [3.19

:T5Q @ (Q/z)°



128 CHAPTER 3. RADICAL ENTANGLEMENT FOR ELLIPTIC CURVES

that maps A to Z" C Q", we get by Proposition [3.21] isomorphisms of topological
groups
iy H < I ¢ ) 5 Matgy,(Z)
: om | ———, Ll tors alsxr )
umm A + 1—‘tors ‘ 8
Of ot Aut(Teors) —  GL4(Z).

Then we get a diagram with exact rows

1 — Gal(K(T) | Kno) — Gal(K(T) | K) — Gal(Kw | K) — 1

I | I

0 — Matgyp(Z) — Autyr (Q" & (Q/Z)Y) —— GL4(Z) — 1

which we will refer to as the torsion-Kummer representation related to A.
We will also call the map

Gal(K(T) | Koo) < Mat gy, (Z)
the Kummer representation, and the map
Gal(Ko | K) <= GL4(Z)
the torsion representation.

Definition 5.4. We will denote by H(G) the image of Gal(K | K) in GLS(z)
and by V(A) the image of Gal(K(T") | K& ) in Matsx,(Z).

Since all groups appearing in the diagram above are profinite and all the
maps are continuous, it follows that V(A) and H(G) are closed subgroups of
Matsw(z) and GLQ(Z), respectively. One of our goals is proving that, under
certain conditions, V(A) is also open. More precisely, we want to bound the
order of Ent(A) = Matsxr(Z)/V(A).

Remark 5.5. It follows from the existence of the Kummer representation that
for any n > 1 the degree [K(n™tA) : K(G[n])] divides n"*.

Remark 5.6. The definition of entanglement group given here is different from
that of [Pall4], where the entanglement group for G = G,, is defined as the
quotient of Aut4(T") by the image of Gal(K (T") | K'), which in the cases considered
there is a normal subgroup (see [Pall4l Theorem 1.6]). In fact, the entanglement
group defined here is a subgroup of that of [Pall4].

We conclude this section by remarking the following fact.
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Lemma 5.7. Let G be a commutative connected algebraic group over a number
field K and let A C G(K) be a finitely generated, torsion-free subgroup of G(K)
of rank r. If Ent(A) is finite, then for everyn > 1

n’I‘S

(K (n=1A) : K (G[n])]

divides #Ent(A).

Proof. The image of V(A) under the natural quotient map Matyy,(Z) —
Matgw, (Z/nZ) is Gal(Ky(n tA) | Ks), so the ratio

nT‘S

[Koo (n71TA) 1 Koo

divides # Ent(A). In order to conclude it suffices to notice that

[K(n™"A) :K(G[n])] =
[K(n'A): Koo NK(n tA)] - [Koo N K(n 1 A) : K(G[n])] =
=K (n_lA) t Koo] - [Koo N K(nA) : K(G[n])].

5.3 Bounding the entanglement group

We now give some sufficient conditions for the finiteness of the entanglement
group Ent(A). In particular, we want to explicitly bound its cardinality in terms
of some known quantities. This will be accomplished by applying the results of
Section [

Assume for the rest of this section that A has finite divisibility and that d 4 is
a divisibility parameter for A in G(K). Consider the joint kernel of the elements
of V(A), that is

S(A):= [ kerfC(Q/2).
Fev(4)
where we consider elements of MatSXT(Z) as maps (Q/Z)" — (Q/Z)*. The image
of any [b] € T'/(A + Giors) in (Q/Z)" is in the kernel of every f € V(A) if and
only if b is fixed by every automorphism o € Gal(K(T') | K« ), that is if and only
if b € G(Kw). So we have

S(4) =B (Tféft{@) .
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where we have denoted by @ the isomorphism I'/(A + T'ors) — (Q/Z)" induced
by ®. Let

0:TNG(Ks) — HY(Gal(Ks | K), Giors)

be the group homomorphism that maps an element b € 'NG(K ) to the class of
the cocyle ¢y : 0 — o(b)—b. Notice that A+ Giors C ker ¢, because Gal(K o, | K)
acts trivially on A and ¢, is a coboundary for every t € Giors. SO  gives rise to
a map

S(A) — Hl(Gal(KOO | K)7 Gtors)
which we also denote by .

Proposition 5.8. The kernel of ¢ : S(A) = H(Gal(Ky | K),Giors) is con-
tained in S(A)[da]. In particular, if H'(Gal(Ky | K), Giors) has finite exponent
n, then the exponent of S(A) divides nda.

Proof. Let b € TNG(K ) and assume that py, is a coboundary. We want to show
that dab € A+ Giors. Since gy is a coboundary, there is tg € Gyops such that for
all 0 € Gal(K | K) we have o(b) —b = o(to) —to, hence o(b—tg) = b—to. This
means that b—tg € I'NG(K), hence dab = da(b—tg)+daty € da(TNG(K))+Giors-
Since d 4 is a divisibility parameter for A we have

A+ G(K)iors 2 da(T N G(K))
so that
A+ Giors 2 da(T'NG(K)) 4 Grors
and it follows that dab € A 4+ Giors, S0 We conclude. O

We can finally prove the main theorem of this section. Recall that s is a
non-negative integer such that G[n| = (Z/nZ)® for every n > 1 and that H(G)
denotes the image of Gal(K | K) in GL4(Z).

Theorem 5.9. Let G be a commutative connected algebraic group over a num-
ber field K and let A C G(K) be a finitely generated and torsion-free subgroup
of rank r. For every prime ¢, let Hy(G) denote the image of H(G) under the
projection GLg (Z) — GLs(Z¢) and denote by Z;[Hi(QG)] the closed sub-Z;-algebra
of Matsxs(Z¢) generated by Hy(G). Assume that

(1) The group A admits a divisibility parameter ds in G(K).

(2) There is an integer n = 1 such that Zy[He(G)] 2 nMatsxs(Ze) for every
prime £.
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(3) There is an integer m > 1 such that the exponent of H'(Gal(Ky | K), Giors)
divides m.

Then V(A) is open in Mat,x(Z). More precisely, the order of Ent(A) divides
(danm)Ts.

Proof. Let T':= {P € G(K) | 3n € N3; : nP € A} and fix an isomorphism I" =
Q" @ (Q/Z)* that sends A to Z" as in Proposition @I, so that we get a torsion-
Kummer representation as in the previous subsection.We can then identify H(G)
with a subgroup of GL,(Z) and V(A) with a subgroup of Maty,(Z), and the
natural action of H(G) on V(A) is identified with the usual matrix multiplication
on the left (see Proposition [3.21)).

Thanks to conditions (1) and (3) we can apply Proposition and deduce
that

S(A)= () kerfC(Q/Z) [dam),
FeV(A)
so that by Proposition we have that the GLS(Z)—submodule of Matsxr(Z)
generated by V(A) contains dam Matsy,-(Z). This property and (2) allow us to

apply Proposition and deduce that the index of V(A) in MatsXT(i) divides
(danm)Ts. O

Remark 5.10. Let G = G,, and let A be a finitely generated and torsion-free
subgroup of G(K) of rank r. Theorem [5.9|gives us another way of proving [PS19|
Theorem 1.1], which states that there exists an integer C' > 1 such that for every
n > 1 the ratio

nT

(5 (G, VA) : K (G)]

divides C. Indeed, the ratio (5.2)) always divides # Ent(A) (Lemma, and we
have:

(1) The group A has finite divisibility (see Example [5.2)).

(5.2)

(2) The torsion representation 7 : Gal(Koo | K) — GL1(Z) = Z* coincides with
the adelic cyclotomic character, whose image is open in Zx; more precisely,
the index of H(G,,) in Z* divides [K : Q], so that Zy[H¢(G,,)] contains
[K : Q] Matsxs(Z¢) for every prime £.

(3) By (2) above H(G,,) contains every element of Z* that is congruent to the
identity modulo [K : Q]; an application of Sah’s Lemma (see also the proof
of Proposition tells us that

[K : QH"(Gal(Kw | K),Gptors) = 0.
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So by Theoremwe may take C = (d4 - [K : Q]?)".
It is worth noting that the methods of [PS19] provide a more precise bound.

6 Elliptic curves

For this section we fix a number field K with algebraic closure K and an elliptic
curve E over K with Endg(E) = Z. Moreover, we let A be a torsion-free
subgroup of E(K) of rank r and let I' C E(K) be the subgroup defined in ,
which is a full 2-extension of A.

Our goal is to apply Theorem [5.9) to get an explicit bound on the cardinality
of Ent(A). In order to do so, we need to study the divisibility parameter d 4 and
the torsion representations associated with E/K.

6.1 The divisibility parameter

If a set of generators for A, modulo torsion in E(K), is known in terms of a
Z-basis for E(K)/E(K)tors, then we can compute da effectively. In fact, let
E(K) = E(K)/E(K)tors and let A be the image of A in E(K). Let eq, ..., e, be

a basis for E(K) as a free Z-module and let aj,...,a; be a set of generators for
A. Write

P
a; = E mijej
Jj=1

for some integers m;;, and let M be the p x t matrix (m,;) whose columns are
the coordinate vectors representing the a;.

We can then reduce M to its Smith Normal Form (see [Jacl2l Chapter 3]),
that is, we can find matrices P € GL,(Z) and Q € GL.(Z) such that

di 0 o i e o0
0 do

PMQ = d,
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where dj,...,d, are integers such that dy | d2 | -+ | d, and r is the rank
of A. The integers d; are uniquely determined up to sign, and they are easily
computable from the minors of M (see [Jac12, Theorem 3.9]).

It follows that there is a Z-basis {f1, ..., f,} of E(K) such that {d:fi,...,d.f.}
is a Z-basis for A. Moreover, if T' is defined as in , we have that
(' N E(K))/E(K)tors 1s generated by {fi,...,f.}. We then have that
d. (T NE(K)) C A+ E(K )tors, S0 we can take dg = d,.

6.2 The torsion representation

The torsion representation is nothing but the usual Galois representation attached
to the torsion of E. After a choice of basis, we will denote it by

Too : Gal(Ko | K) — GLy(Z)

and we will denote its image by H(E). If £ is a prime we will denote by 7 the
composition of 7., with the natural projection GL2(Z) — GL2(Z¢) and by Hy(FE)
the image of 7.

The non-CM case

Definition 6.1. We call adelic bound for the torsion representation a positive
even integer mg such that H(E) contains all the elements of GL2(Z) congruent
to the identity modulo mpg. If £ is a prime, we call an integer ny, > 1 such that
Hy(E) D I4+0™ Matoxo(Zy) a parameter of mazimal growth for the ¢-adic torsion
representation. If £ = 2 we require ny > 2.

If £ does not have complex multiplication over K, by Serre’s Open Image
Theorem (see [Ser72]) we know that an adelic bound exists.

Remark 6.2. Notice that, if an explicit bound for mg is known, one can easily
give a bound for each ny by just letting ny = max(1,v(mpg)). However, it is
possible to give an effective bound for each ny (see [LP21 Theorem 14 and Re-
mark 15] and [Chapter 1} Remark 3.7]), so we will keep these constants separate.

Proposition 6.3. If mg is an adelic bound for the torsion representation of E
over K, then mpH'(Gal(Ko | K), Etors) = 0.

Proof. Let G = Gal(K | K) and let z = (z¢)¢ € Z= [1,Z; be defined as

L+ ¢velme) if 0| mpg,
Zy =
7 )2 if 04 mp.
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Since by definition 2 | mpg we have z € Z%. Moreover z — 1 = umpg for some
u e Zx, R

Consider now the element g = zI € GLy(Z): it is congruent to the identity
matrix modulo mg, so it lies in GG; moreover it is a scalar matrix, so it lies in
the center of G. By Sah’s Lemma (see [BR03, Lemma A.2]) the endomorphism
of HY(G, Eyors) defined by f — (g — I)f kills HY(G, Fyors)- Since g — I = umgl
for u € 2X, we have that mpH' (G, Eiors) = 0, as required. O]

Definition 6.4. Let K be a number field with absglute discriminant Ag and
let E be an elliptic curve over K without CM over K. We denote by S(F) the
finite set of primes ¢ that satisfy at least one of the following conditions:

(1) £12-3-5- Akg;

(2) the Galois group Gal(K, | K) is not isomorphic to GLy(Fy).

(3) F has bad reduction at some prime of K of characteristic £.

Remark 6.5. The set S(E) is effectively computable (see [Chapter[I] Remark 5.2]).

An explicit value for the adelic bound mpg is provided by the following result
by F. Campagna and P. Stevenhagen:

Theorem 6.6 ([CS19, Theorem 3.4]). Let E be an elliptic curve over K without
CM over K. Write Ky for the compositum of all £-power division fields of E
over K, and Kg(gy for the compositum of the fields Ko~ with £ € S(E). Then
the family consisting of Kg(py and { K= }igs(p) is linearly disjoint over K, that
18, the natural map

Gal(Ky | K) = Gal(Kg(gy | K) x [ Gal(Kp~ | K)
(¢S(E)

s an isomorphism.

Remark 6.7. For every prime ¢ ¢ S(F), the ¢-adic representation associated
with E is surjective. This follows from the fact that the mod ¢ torsion repre-
sentation associated with E and the f-adic cyclotomic character of K are both
surjective (since £ { Ak): in fact in this case we have (H(E) mod ¢) D SLo(Z/(Z)
and det(H,(E)) = Z,, which implies (see [Sex97, IV-23]) that Hy(E) = GL2(Zy).

Corollary 6.8. For every prime £ € S(E) let ny be a parameter of mazimal
growth for the (-adic torsion representation. Let moreover R := HeeS(E) { and
me = vy ([Kg : K]). Then an adelic bound for the torsion representation is given
by

mg = H gretme
teS(E)
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Proof. We have to show that the image of Gal(K | K) in GLQ(Z) contains

[T (7+emtmeMataua(Ze)) x [[ GLa(Ze).
LeS(E) L¢S(E)

We will do so by considering the subgroup Gal(K | Kr) of Gal(K | K).

Notice that, since for every prime ¢ and every n > 1 the degree of Ky» over
Ky is a power of £, the family {K=r}scg(g) is linearly disjoint over K. Then
we have

Gal(Ky | Kp) =Gal(Kg(p) | Kr) x [] Gal(Ki~ | K) =
1¢S(E)

[l Gal(Kexr|Kr)x [[ Gal(Ke~ |K).
LeS(E) t¢S(E)

For every ¢ € S(E) we have 7(Gal(Kj~p | Kr)) 2 I + ™ Matax2(Z¢), where 74
is a parameter of maximal growth for the /-adic torsion representation attached
to E over Ki. By [Chapter Lemma 3.10] we can take vy < n + my, so
Poo(Gal(K | Kgr)) contains

H (I 4 €™ Matayo(Ze)) H GLy(Zy)
LeS(E) 1¢S(E)
so it contains all elements that are congruent to I modulo mg, as required. [

Remark 6.9. We can give an explicit bound for the integers my of the above
corollary:

me =y ([Kr : K]) <ve (#GL2 (Z/RZ) = Y v (0" = )(* —p)).-

pES(E)

The CM case

The torsion representations associated with elliptic curves with complex multi-
plication have been studied for example in [Deub3| and [Deu58|. They are deeply
related to the endomorphism ring O = Endy(E) of E, which is an order in an
imaginary quadratic number field F'.

For every prime ¢, the group

Ci(E) := (Op ®z Zy)™

can be identified with a subgroup of GLy(Z¢) via the action of O on the ¢-power
torsion of E, and is called the Cartan subgroup of GLa(Z,) associated with E.
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We also let

c(B) = (0p 2 Z)X - I cuE

£ prime

which can be identified with a subgroup of GLQ(Z), and we denote by Ne(E) and
N(E) the normalizers of Co(E) in GLy(Z¢) and of C(E) in GLy(Z), respectively.
The group Cy(E) is always conjugate to a subgroup of GLy(Z) of the form

T oy
@,y € Ly, ve(w(x +vy) —
Yy T+y
for some integers v and §, which are called parameters for C¢(E) (see [LP17,

§2.3]).
The image of the torsion representation associated with E is contained in
N(E), and can be described as follows.

Proposition 6.10 ([LomI7, Theorem 1.5)). Let E be an elliptic curve over K
with CM over K, and let F be the CM field of E. Let S denote the set of primes
{ that either ramify in K - F or are such that E has bad reduction at some prime
of K of characteristic £. Then:

1. if F C K, then H(E) C C(F) and [C(E) : H(E)] divides 6[K : Q]. More-
over, Hy(E) = C¢(E) for every L ¢ S;

2. if F ¢ K, then H(E) C N(E), but H(E)  C(E), and [C(E) : C(E)NH(E)]
diwides 12[K : Q]. Moreover, Hy(E) = Ny(E) for every { & S.

Remark 6.11. The result mentioned above |[Loml17, Theorem 1.5] states that
[C(E) : HE)] < 3[K:Q]if FC K and [C(E) : C(E)NH(E)] < 6[K : Q] if
F ¢ K. However, one can check that its proof also yields Proposition [6.10] as
stated here.

Proposition 6.12. Let E be a CM elliptic curve over K and let e = 12[K : Q).

Let moreover
K = 461{ . HEeK,
[

where the product runs over all odd primes ¢ such that (¢ — 1) divides ex. Then
we have mx H (Gal(K o | K), Etors) = 0.

Proof. Let ks = 3 and, for any odd prime ¢, let k; be an integer whose class
modulo ¢ is a generator of (Z/¢Z)* and 1 < k; < £. Let then z = (k;*), € Z,
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and let g = 21 € GLQ(Z) By Proposition we have (C(E))¢x C H(E), so in
particular ¢ € H(F). Applying Sah’s Lemma as in Proposition we see that
g — I kills HY(Gal(K+ | K), Eiors). Since

vg (3°K — 1) < 2e,
ve (k% —1)<egx forall£>2,
ve (k; —1) =0 for all £ such that (¢ — 1) { eg,

we have that z — 1 = um for some u € Z* and some m which divides mg. Asin
Proposition we conclude that the exponent of H'(Gal(Ko | K), Eiors) = 0
divides mg. O

It follows from classical results (see also [LP21l Section 2]) that for every
prime £ there is a positive integer ny such that

#(H(F) mod ¢"1) /#(H(E) mod ¢") = ¢>  for all n > ny. (6.1)

Definition 6.13. We call a positive integer ny satisfying (6.1) a parameter of
mazximal growth for the f-adic torsion representation. If £ = 2 we require ny, > 2.

6.3 Main theorems

We can finally prove our main results, which are higher-rank generalizations of
[Chapter [T} Theorems 1.1 and 1.2].

Theorem 6.14. Let E be an elliptic curve over a number field K without complex
multiplication over K. Let A be a finitely generated and torsion-free subgroup of
E(K) of rank r.

Let da be a divisibility parameter for A. Let S(E) be the finite set of primes
of Deﬁnition and for every £ € S(E) let ng be a parameter of maximal growth
for the L-adic torsion representation of E/K and

mei= Y vl = 1)P* —p)).
pES(E)

~

Then V (A) is open in Mat,«2(Z). More precisely, the order of Ent(A) divides

2r

da - H p2netme
(eS(E)
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Proof. By Remark (6.7 the integer n := J[,cg(p) (" is such that Z¢[H,(E)]
contains n Matoyxo(Zs) for every prime number ¢. By Corollary and Re-
mark m the integer m := ers(E) ¢metme ig an adelic bound for the torsion rep-
resentation associated with E, so by Proposition the exponent of the group
H! (Gal(Ko | K), Etors) divides m.

Then by Theorem 5.9 we have that the order of Ent(A) divides (danm)?". O

Definition 6.15. Let E be an elliptic curve over a number field K with CM over
K. Let Op = Endg(F) and let F' = Frac(Og). We denote by S(E) the finite
set of primes such that at least one of the following conditions is satisfied:

1. ¢ divides the conductor of Og;
2. ¢ ramifies in K
3. E has bad reduction at some prime of K of characteristic £.

Theorem 6.16. Let E be an elliptic curve over a number field K, with CM over
K but not over K. Let A be a finitely generated and torsion-free subgroup of
E(K) of rank r.

Let da be a divisibility parameter for A. For every prime £ let ny be a parame-
ter of mazimal growth for the £-adic torsion representation of E/K and let (¢, ¢)
be parameters for Co(E). Let my be the integer defined in Proposition . Let
moreover S(E) be the finite set of primes of Definition [6.15

Then V (A) is open in Mat,2(Z). More precisely, the order of Ent(A) divides

2r

dAmK A H gne+vz(4(5z)
teS(E)

where we let vy(0) = 0 for every prime £.
Proof. In order to apply Theorem we only need to prove that:

1. for every prime ¢ ¢ S(E) we have

Zg[Hg(E)] = Matgxz(Z[) ;

2. for every prime ¢ € S(E) we have

Zo[Hy(E)] D e +vel4%) Matyy o (Zy) .

Both parts follow from from [Chapter [I} Proposition 4.12, proof of (3)], noticing
that for every ¢ ¢ S(E) one may take d = 0 by [LP17, Proposition 10]. O
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Theorem 6.17. There is a universal constant C > 1 such that, for every elliptic
curve E/Q and every torsion-free subgroup A of E(Q), the order of Ent(A) divides
(dAC)2 rk(A) )

Proof. By [Chapter [1} Corollary 3.13] (which relies on [Ara08| Theorem 1.2] for
the non-CM case) the parameters of maximal growth for the ¢-adic torsion repre-
sentation associated with an elliptic curve over Q can be bounded independently
of E. By [Chapter |1, Theorem 1.3] there is a constant C; such that the expo-
nent of H'(Gal(Qs | Q), Etors) divides C;. The conclusion then follows from
Theorem 5.9 O

Remark 6.18. Theorem does not hold if O = Endg(E) # Z. In fact in
this case one may find a subgroup A C E(K) such that Ent(A) is infinite.

To see this, let P € E(K) be a point of infinite order and let A = OgP and
A’ = ZP. Since A is a free Og-module of rank 1, it has rank 2 as an abelian
group.

Let Q € n~!P. For every n > 1 and every o € Op we have n~lo(P) =
a(Q) + E[n], so

n~'A=0gQ + E[n].

Since Q € n~'A’ and O is defined over K we have that OgQ is defined over
K(n=tA’). Since moreover E[n] C n~t A’ we deduce that K(n™*A) C K(n=1A").
In fact, since A D A’, the two fields coincide. So in particular

(K (n7'A) : K (En]))] = [K (n"'A") : K (E[n))]

Then for every n > 1 we have by Remark

4 4
n n 2

= 2”

(K (n=1A) - K (Eln])]  [K (n=1A") : K (E[n])]

which, by Lemma [5.7} implies that Ent(A) is infinite.

Notice that two generators of A as a free Z-module cannot be linearly indepen-
dent over O. In fact, the condition that the points are linearly independent over
the endomorphism ring of the curve can also be found in [Rib79, Theorem 1.2].
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Chapter 4

Division in modules and
Kummer theory

by Sebastiano Tronto [Tro21]

1 Introduction

Let K be a number field and fix an algebraic closure K of K. If G is a connected
commutative algebraic group over K and A is a subgroup of G(K), we may
consider for every positive integer n the field extension K(n~1A) of K inside K
generated by all points P € G(K) such that nP € A. This is a Galois extension
of K containing the n-torsion field K (G|n]) of G.

If G = G,, is the multiplicative group, extensions of this kind are studied by
classical Kummer theory. Explicit results for this case can be found for example
in [PS19], [PST20b] and [PST20a]. The more general case of an extension of an
abelian variety by a torus is treated in Ribet’s foundational paper [Rib79]. Under
certain assumptions, for example if G is the product of an abelian variety and a
torus and A is free of rank r with a basis of points that are linearly independent
over Endg (G), it is known that the ratio

nT‘S

[K (n=1A) : K(Gn])]

(1.1)
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where s is the positive integer such that G(K)[n] = (Z/nZ)® for all n > 1, is
bounded independently of n (see also [Ber88| Théoreme 5.2] and [Hin88, Lemme
14)).

In the case of elliptic curves, one may hope to obtain an explicit version of
this result. Indeed the results of [Chapter [I] and [Chapter [3] provide such a
statement under the assumption that Endg(G) = Z, and they show that an
effective bound depends only on the abelian group structure of A and on the
l-adic Galois representations associated with the torsion of G for every prime .

It is clear from the above discussion that the existence of non-trivial endo-
morphisms defined over K plays an essential role in this theory. Without loss of
generality we can take A to be an End g (G)-module, as done by Javan Peykar in
his thesis [JP21I]. This approach leads to an explicit “open image theorem” for
Kummer extensions for CM elliptic curves, albeit under certain technical assup-
tions on Endk (G).

Motivated by [JP21] and by the author’s previous results [Chapter [3], most
of this paper is devoted to developing a general abstract framework for the study
of certain division modules of a fixed R-module M, where R is any unitary ring.
We strive to develop this theory in a way that is independent from the “ambient
module” G(K), taking inspiration from [Pal04] as well.

We introduce a natural generalization of the concept of injective modules,
which to the author’s knowledge is new. We also define a category of (J,T)-
extensions, which shares many interesting properties with the category of field
extensions. We believe that these topics are interesting in their own right.

At the end of the paper we prove the following result, which was previously
known in this effective form only under certain restrictions on Endg (E):

Theorem. Let E be an elliptic curve over a number field K, let R = Endg (E)
and let M be an R-submodule of E(K). There exists a positive integer ¢, de-
pending only on the R-module structure of M and on the image of the Galois
representations associated with the torsion of E, such that for every positive in-
teger n

n2rkr(M)

[K(n=tM) : K(E[n])]

divides c.

This result follows from Theorem [5.11] which is essentially an application
of Theorem which in turn is a generalization of [Chapter [3] Theorem 5.9].
The results on Galois representations needed to apply this general theorem are
mostly taken from [Chapter , and it can be easily seen that the given bounds
only depend on the f-adic representations, so that the constant ¢ of our main
theorem is effectively computable.
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1.1 Notation

In this paper, rings are assumed to be unitary, but not necessarily commutative;
subrings always contain the multiplicative unit 1. Unless otherwise specified, by
ideal of a ring we mean a right ideal and by module over a ring we mean a left
module. If R is a ring and n is a positive integer, we will denote by Mat,,xn(R)
the ring of n x n matrices with coefficients in R.

We denote by Z the integers and by Z~q the set of positive integers. If p
is a prime number we denote by Z, the completion of the ring Z at the ideal

(p). We denote by Z the product of Z, over all primes p, which we identify with
Jim Z/nZ.
n€Zso

1.2 Structure of the paper

In Section [2] we introduce the concept of ideal filter and of division module by
an ideal filter. This provides us with a way to generalize the notion of injective
module, and we are able to show the equivalent of Baer’s criterion for injectivity
and the existence of the analogue of injective hulls in this setting. At the end of
Section [2] we prove a certain duality result for J-injective modules that will be
applied in Section

In Section (3| we construct the category of (J,T)-extensions, our abstraction
for the modules of division points of an algebraic group. This category behaves
similarly to that of field extensions of a given field. After studying an interesting
pair of adjoint functors, we conclude this section by proving the existence of a
mazximal (J,T)-extension, in analogy with field theory.

Sectionis devoted to the study of automorphism groups of (J, T')-extensions.
The fundamental exact sequence of Theorem [£.10] gives us a framework to study
the Galois groups of Kummer extensions associated with a commutative algebraic
group, provided that some technical assumptions hold. This is what we do in
Section |5, and we conclude by applying these results to elliptic curves.
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2 J-injectivity

2.1 Ideal filters and division in modules

In order to study division in modules over a general ring, we take inspiration from
[JP21]. However, instead of using Steinitz ideals (that is, ideals of the completion
of a ring), we use a more general concept that we now introduce.

Definition 2.1. Let R be a ring. We call a non-empty set J of right ideals of R
an ideal filter if the following conditions hold:

LIfI,I'eJthen INT € J.
2. If T € J and I’ is a right ideal containing I, then I’ € J.

The minimal ideal filter is {R}, while the maximal ideal filter contains all
ideals (equivalently, it contains the zero ideal): we denote the former by 1 and
the latter by 0.

For any ring R and any set S of right ideals of R we call the ideal filter
generated by S the smallest ideal filter containing S: it consists of all ideals of R
which contain a finite intersection of elements of S.

Example 2.2. We will be interested in the ideal filters generated by the powers
of a given prime number p

p> := {I right ideal of R | I D p"R for some n € N}
and the one generated by all non-zero integers
oo := {I right ideal of R | I 2 nR for some n € Z~o} .

Notice that if p™ = 0 (resp. n = 0) for some n € Z~ then p> (resp. co) is simply
the maximal ideal filter 0. We will often consider such ideal filters in the case
where R is a commutative integral domain of characteristic different from p (resp.
characteristic 0).

Fix for the remainder of this section a ring R.
Definition 2.3. If M C N are left R-modules, for any right ideal I of R we call
(M:nI):={zxeN|IzC M}
the I-division module of M in N.

A similar concept for ideals of R is sometimes referred to as quotient ideal,
but we deemed a change of terminology appropriate.
We can easily generalize this notion to ideal filters of R.
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Definition 2.4. Let J be an ideal filter of R and let M C N be left R-modules.
We call

(M:y J) =] (M :n 1)
IeJ

the J-division module of M in N. One can easily check that (M :y J) is an
R-submodule of N.

Moreover, we call N[J] := (0 :n J) the J-torsion submodule of N. We call N
a J-torsion module if N = N[J].

Remark 2.5. If J =0 then (M :i J) = N and M[J] = M. On the other hand,
if J=1then (M :x J)= M and M[J] =0.

Remark 2.6. Let M C N be left R-modules and let J and J’ be ideal filters of
Rwith J CJ. If M' C M and N’ C N are submodules with M’ C N’, then it
is clear from the definition of J-division module that (M’ :nv J') C (M :n J).

Definition 2.7. We say that an ideal filter J of R is complete if for every left
R-module N and every submodule M C N we have

((MNJ) NJ):(MN J)

We say that an ideal filter J is product-closed if for any I,I’ € J we have
I e J.

Proposition 2.8. Let R be a ring and let J be a product-closed ideal filter of R.
If for every I € J the left ideal RI is finitely generated, then J is complete. In
particular, every product-closed ideal filter over a left-Noetherian ring is complete.

Proof. Let J be a product-closed ideal filter of R and let M C N be left R-
modules. The inclusion (M :ny J) C (M :x J) :ny J) is always true, so let us
prove the other inclusion. Let x € N be such that there is I € J with Iz C
(M :n J). Let {y1,...yn} be a set of generators for the left ideal RI. Then for
every i = 1,...n there is I; € J such that ;5,0 C M. By definition of ideal filter
we have I’ := (N, I; € J and since J is product-closed we have I'] € J. Since
{y1,--.,yn} is a set of generators of the left ideal RI and I’ is a right ideal we
have I'Ix = I'(RI)x C M, which shows that J is complete. O

Example 2.9. The ideal filters introduced in Example are both product-
closed. If, for example, R is Noetherian, then they are also complete.

We conclude this subsection with a list of properties of division modules.

Lemma 2.10. Let M C N C P and M’ be left R-modules and let J and J' be
ideal filters of R. Then the following properties hold:
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My J)=(M:p J)NN.
M :areyy J) = (M iy J).
N/M)[J] = (M :y J) /M.
M :n J) = N if and only if N/M is J-torsion.

—~ o~~~

Mo M)[J] = M[J]® M'[J].

. The inclusion “C” is obvious; for the other inclusion it suffices to notice
that if n € N is such that In C M for some I € J then by definition

n e (M N J)
Follows directly from (1).
We have
(N/M)I) = |J (/M) =
IeJ
=J{n+MeN/M|In+M)=M}=
IeJ
=J{neN|Imnc M}y /M=
IeJ
= vn/m=
IeJ
= (M:x J)/M.
By (3) we have that (N/M)[J] = N/M if and only if (M :5 J) = N.

For any right ideal I and any (m,m') € M & M' we have that I(m,m’) =0
if and only if Im = I'm’ = 0. This implies that (M & M')[I] = M[I]eM'[I],

so we have

(Mo M)J] = JMe M) =
IeJ
= Mo M=
IeJ
= M[J) @& M'[J].
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2.2 J-maps and J-extensions

Fix for this section a ring R and a complete ideal filter J of R. We introduce here
some simple notions that will lead us closer to our definition of (J, T')-extensions.

Definition 2.11. Let M be a left R-module. An R-module homomorphism
@: M — N is called a J-map if (p(M) :xy J) = N. If ¢ is injective we will call
it a J-extension, and we say that N is a J-extension of M.

Remark 2.12. By Lemma 4) a homomorphism ¢ : M — N is a J-map if
and only if N/p(M) is J-torsion. In particular, if J = 0, then every homomor-
phism of R-modules is a J-map.

It is clear from the definition that, if ¢ : M — N and ¢ : M — P are two
J-maps, then any R-module homomorphism f : N — P such that fop =1 is
also a J-map.

The following lemma, which strongly relies on the assumption that J is com-
plete, shows moreover that R-modules and J-maps form a subcategory of the
category of R-modules.

Lemma 2.13. Let M, N and P be R-modules and let o : M — N and : N — P
be R-module homomorphisms. If ¢ and ¥ are J-maps, then so is ¥ o p.

Proof. Since J is complete we have

hence (Yp(M) :p J) = P and 9 o ¢ is a J-map. O

Remark 2.14. Any homomorphism of R-modules ¢ : M — N such that N is J-
torsion is a J-map. In particular, the restriction of an R-module homomorphism
to the J-torsion submodule is a J-map.

The following lemma illustrates how certain properties of a J-map largely
depend on its restriction to the J-torsion submodule. Recall that an injective R-
module homomorphism f : M < N is called an essential extension if for every
submodule N’ C N we have N'N f(M)=0 = N’ =0.

Lemma 2.15. A J-map ¢ : M — N s essential if and only if @\M[J] : M[J] —
N[J] is.
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Proof. Notice that the statement is trivially true in case J = 0, so we may assume
that J # 0. If ¢ is essential then clearly so is <p|M[J], because any submodule N’
of N[J] such that N'N¢(M[J]) = 0 is in particular a submodule of N such that
N Nne(M) =0.

Assume than that o[y, « M[J] — N[J] is essential. Let N C N be a
non-trivial submodule and let n € N’ be a non-zero element. If n € N[J] then
N"N N[J] is non-trivial, and since ¢|,,; is essential then N’ N (M)[J] is non-
trivial as well. So we may assume that n ¢ N[J].

Since ¢ : M — N is a J-map, there is I € J such that In C ¢(M). In
particular, since 0 € J and n is not J-torsion, there is r € R such that 0 # rn €
@(M). Since N’ is a submodule we have rn € N'N¢(M), so ¢ : M — N is an
essential extension. O

Lemma 2.16. Let ¢ : M — N be a J-map and let f,g: N — P be R-module
homomorphisms such that f oo = go . Then for every n € N we have that

f(n) —g(n) € PLJ].
Proof. The statement is clearly true for J = 0, so we may assume that J # 0.
Since (¢(M) :nx J) = N there is I € J such that In C ¢(M). In particular there

is a non-zero r € I such that rn € (M), say rn = ¢(m) for some m € M. This
implies that

thus f(n) — g(n) € P[J]. O

2.3 J-injective modules and J-hulls

Fix for this section a ring R and a complete ideal filter J of R. We introduce the
notion of J-injective module, which generalizes the classical notion of injectivity.

Definition 2.17. A left R-module @ is called J-injective if for every J-extension
i : M — N and every R-module homomorphism f : M — @ there exists a
homomorphism g : N — @ such that goi = f.

Remark 2.18. Notice that in case J = 0 the definition of J-injective R-module
coincides with that of injective module. Moreover, if J' is a complete ideal filter
of R such that J' C J, then a J-injective module is also J'-injective.

Example 2.19. A Z-module is p>-injective if and only if it is p-divisible as
an abelian group. The proof of this fact is completely analogous to that of the
well-known result that a Z-module is injective if and only if it is divisible.

The following proposition is an analogue of the well-known Baer’s criterion in
the classical case of injective modules.
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Proposition 2.20. A left R-module Q is J-injective if and only if for every
two-sided ideal I € J and every R-module homomorphism f : I — Q there is an
R-module homomorphism g : R — Q that extends f.

Proof. The “only if” part is trivial, because any two-sided ideal of R is also a left
R-module and I — R is a J-extension if I € J. For the other implication, let i :
M — N be a J-extension and let f: M — @ be any R-module homomorphism.
By Zorn’s Lemma there is a submodule N’ of N and an extension ¢’ : N’ — Q
of f to N’ that is maximal in the sense that it cannot be extended to any larger
submodule of N. If N’ = N we are done, so assume that N’ # N and let
zeN\N.

Let I be the two-sided ideal of R generated by {r € R|rz € N'}. Since
i(M) C N’ and (i(M) :x J) = N there is I’ € J such that I’z C N’, which
implies I’ C I, so also I € J. By assumption the map I — Q that sends y € I to
g'(yx) extends to a map h : R — Q. Since ker(R — Rz) is contained in ker(h),
the map h gives rise to a map h’' : Rz — @ by sending rz € Rz to h(r). By
definition the restrictions of ¢’ and A’ to N’ N Rz coincide, so we can define a
map ¢g” : N + Rx — @ that extends both. This contradicts the maximality of
g’, so we conclude that N’ = N. O

Remark 2.21. Let R be an integral domain and let J be the ideal filter 0 on
R. Since R is an integral domain, the set of ideals J' = J \ {0} is an ideal filter.
Using Proposition [2:20] one can easily show that an R-module @ is J-injective if
and only if it is J'-injective. Indeed, one implication holds, as remarked above,
because J C J', and for the other it is enough to notice that the unique map
0 — @ can always be extended to the zero map on R.

One advantage of using J’ instead of J is that the J’'-torsion submodule may
be different from the whole module.

Example 2.22. Let M be an abelian group, let p be a prime and let J = p*> be
the ideal filter of Z introduced in Example Then the localization M[p~!] is a
J-injective Z-module. Indeed, if i : N < P is a J-extension and f : N — M[p~!]
is any homomorphism then for every z € P there is k € N such that p*z € i(N),

and one can define g(z) := f(gi:m). It is easy to check that g is a well-defined

group homomorphism such that go¢ = f.

Proposition 2.23. Let M be a J-injective R-module. If f : M — N is an
essential J-extension, then it is an isomorphism.

Proof. By definition of J-injectivity there is a map g : N — M such that go f =
idps. Then g is surjective and since f is an essential extension g is also injective,
S0 it is an isomorphism. O
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Recall that an injective hull of an R-module M is an essential extension
i: M — N such that N is injective as an R-module. It is well-known that every
R-module M admits an injective hull and that any two injective hulls i : M — Q
and j : M — T are isomorphic via a (not necessarily unique) isomorphism that
commutes with ¢ and j, see [Baed0)], [ES53] or [Fle6g].

Lemma 2.24. Let R be a ring and let M be a left R-module. If i : M — Q is
an injective hull and j : M — N is an essential extension, there is an injective
R-module homomorphism ¢ : N — Q such that ¢ o j =1i. Moreover, ¢ : N < )
s an injective hull.

Proof. Since 2 is injective there exists an R-module homomorphism ¢ : N —
such that ¢ o j = 4. Since i is injective and j is an essential extension, then also
 is injective.

The last part follows from the fact that € is injective and ¢ : N — Q is an
essential extension, since 7 : M < € is. O

We conclude this section by proving that every R-module admits a J-hull,
which is the generalization of an injective hull:

Definition 2.25. Let M be a left R-module. A J-extension ¢ : M < 2 is called
a J-hull of M if it is an essential extension and 2 is J-injective.

Remark 2.26. If J = 0 the definition of J-hull coincides with that of injective
hull.

Remark 2.27. If f; : M; — N;, for i =1,... k, are J-hulls, then the finite sum

: k
i fi : @Mz — @Ni
i=1 i=1

is a J-hull. Indeed @, N; is J-injective because it is a finite direct sum of J-
injective modules, and it is easy to see that it is also an essential J-extension of

@, M.

Lemma 2.28. Let QQ be a J-injective R-module and let P C Q be any submodule.
Then (P :q J) is J-injective.

Proof. Let i : M — N be a J-extension and let f : M — (P:g J) be any R-
module homomorphism. Denote by j : (P :q J) < @ the inclusion. Since @ is J-
injective, there is a map g : N — @ such that goi = jof. For every x € N there is
some I € J such that Iz C 4(M) and thus Ig(z) = g({z) C g(i(M)) = j(f(M)),
which means that the image of g is contained in (P :g J). This shows that
(P :q J) is J-injective. O
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Theorem 2.29. FEvery left R-module M admits a J-hull. Moreover, the following
holds for any J-hull v : M — Q of M:

1. For every J-extension i : M — N there is a J-hull j : N — Q with joi = ¢.

2. For every J-hull /' : M — Q' there is an isomorphism ¢ : Q = Q' with
por=1.

Proof. Let ¢ : M — T" be an injective hull of M and let Q := («(M) :r J). Since
t: M < T is an essential extension then also ¢ : M < Q is, and by Lemma|2.10|(2)
we have («(M) :q J) =Q, 80 t: M — Q is a J-extension of M. By Lem
the R-module Q is J-injective, so it is a J-hull of M.

For (1), since 2 is J-injective there is a map j : N — € such that joi = ¢.
Moreover since ¢ : M < ) is an essential extension also j : N < Q is, so it is a
J-hull.

For (2),1let v : M — Q and ¢/ : M — ' be two J-hulls. Since € is J-injective
there is an R-module homomorphism f : Q — €' such that fo: =/, so since ¢ is
an essential extension f is injective. But then, since idg : 2 —  is a J-hull by
(1), there is an R-module homomorphism g : Q" — Q such that go f = idg, so in
particular g is surjective. But we also have g ot/ =, and since ¢’ is an essential
extension then g must be injective too, hence it is an isomorphism. O

Example 2.30. Let M be a finitely generated abelian group, let p be a prime
number and let J = p* be the ideal filter of Z introduced in Example [2.2] Write
M as

E
M=7"&Pz/r"ze Mn
i=1
where n is a positive integer coprime to p and the e;’s are suitable exponents.
Let

I = (zp'])" & (Z[p~')/2)* © M[n]
and

L M — r
(2, (s; mod p%);,t) (%, (p% mod Z) ' ,t)

Then ¢ : M — I' is a J-hull. To see this it is enough to show that f : Z" —
(Z[p=1))" and g; : Z/p“Z — Z[p~]/Z for every i = 1,...,k are J-hulls, and that
M](n] is J-injective, being trivially an essential extension of itself. The assertions
about f and M|[n] follow from Example noticing that multiplication by p is
an automorphism of M[n] and that Z" < (Z[p~!])" is an essential J-extension.
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So we are left to show that for every positive integer e the map g : Z/p°Z —
Z[p~1]/Z defined by (s mod p°) (3¢ mod Z) is a J-hull. It is a J-extension,

because the Priifer group Z[p~']/Z itself is J-torsion, and it is also essential
because every subgroup of Z[p~1]/Z is of the form I%Z, so it intersects the image

Finally, Z[p~!]/Z is divisible as an abelian group, so in particular it is .J-
injective, since in this case it is equivalent to being p-divisible.

2.4 Duality

Fix again a ring R and a complete ideal filter J of R. Fix as well a left R-module
M and a J-injective and J-torsion left R-module T and let E = Endg(T).

In this section we prove an elementary duality result that will be key to the
proof of our main Kummer-theoretic results (Theorem [5.3)).

Definition 2.31. If V is a subset of Homg(M,T) we denote by ker(V) the
submodule of M given by

ker(V) := ﬂ ker(f)

and we call it the joint kernel of V.

If M’ is a submodule of M we will identify Homp(M/M’,T) with the sub-
module {f € Homgr(M,T) | ker(f) 2 M’} of Hompr (M, T).

Proposition 2.32. IfV is a finitely generated E-submodule of Hompg(M,T) we
have V = Homp(M/ker(V),T).

Proof. Notice that the inclusion V' C Homp(M/ker(V),T') is obvious. For the
other inclusion we want to show that every homomorphism g : M — T with
ker(g) D ker(V') belongs to V. Let then g be such a map and let g : M/ ker(V) —
T be its factorization through the quotient M/ ker(V'). Let {f1,..., fn} be a set
of generators for V' as an E-module and let

e:M—T"

We have ker(g) = ker(V), so that e factors as an injective map z : M/ ker(V) —
T™. Since T is J-torsion, so is T, hence € is a J-extension. Since T is J-injective
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there is an R-linear map A : T™ — T such that Aog = g, or equivalently Aoe = g.

A

T n

Since Hompg(T™,T) = @;._, Endg(T), there are elements ey, ..., e, € Endg(T)
such that A(t1,...,t,) = e1(t1) + -+ + en(t,) for every (¢1,...,t,) € T™. Then
for v € M we get

Ae(@)) = Afi(), .., fa(@))
=e1(f1(x) + -+ en(fn(2))
which means that g =ej0 fi +---+e,0 f, € V because V is an E-module. [

Remark 2.33. Proposition [2.32] is a generalization of the following fact from
linear algebra: let V' be a finite-dimensional vector space over a field K and let
fi,--y fn : V. — K be linear functions. If f : V — K is a linear function such
that ker(f) 2 (i, ker(f;), then f is a linear combination of fi,..., fn.

Definition 2.34. Let N and @ be left R-modules. We say that @ is a cogenerator
for N if ker(Homp(N, Q)) = 0.

Theorem 2.35. Let R be a ring and let J be a complete ideal filter on R. Let
T be a J-injective and J-torsion left R-module and let M be any left R-module.
Assume that T is a cogenerator for every quotient of M and that Homg(M,T)
is Noetherian as an Endg(T)-module. The maps

{R-submodules of M} — {Endr(T)-submodules of Homg(M,T)}
M’ — Hompg(M/M',T)
ker(V) i Vv
define an inclusion-reversing bijection between the set of R-submodules of M and
that of Endg(T)-submodules of Hompg(M,T).

Proof. Notice first the above maps are well-defined and they are both inclusion-
reversing. Since Homp (M, T') is Noetherian as an End(7")-module, every sub-
module is finitely generated, so we may apply Proposition [2.32} Since T is a
cogenerator for every quotient of M we can conclude that the two given maps
are inverse of each other. O
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Example 2.36. Let R = Z, let J = oo and let T = (Q/Z)® for some positive
integer s. Let M be a finitely generated abelian group. Notice that T is J-torsion
and, since it is injective, it is in particular J-injective. Since Q/Z is a cogenerator
for every abelian group, so is 7. We have Endr(T) = MatSXS(Z) and since M
is finitely generated Homp (M, T') is Noetherian over MatSXS(Z). We are then in
the setting of Theorem [2.35

3 The category of (J,T)-extensions

Fix for this section a ring R, a complete ideal filter J of R and a J-torsion and
J-injective left R-module T'.

In this section we introduce (J, T')-extensions, which are essentially J-exten-
sions whose J-torsion is contained in an R-module T' as above (see Definition
3.12). These extensions of R-modules share many interesting properties with
field extensions, and in fact at the end of this section we will be able to prove
the existence of a “maximal” (J,T)-extension, analogous to an algebraic closure
in field theory.

3.1 T-pointed R-modules

In order to define (J, T')-extensions we first introduce the more fundamental con-
cept of T-pointed R-module.

Definition 3.1. A T-pointed R-module is a pair (M, s), where M is a left R-
module and s : M[J] < T is an injective homomorphism.

If (L,r) and (M, s) are two T-pointed R-modules, we call an R-module ho-
momorphism ¢ : L — M a homomorphism or map of T-pointed R-modules if

50 90|L[J] =r.

In the following we will sometimes omit the map s from the notation and
simply refer to the T-pointed R-module M.

Remark 3.2. A map ¢ : (L,r) — (M, s) of T-pointed R-modules is injective on
L[J]. Indeed so o[y ; =r is injective, so o[, must be injective as well.

Definition 3.3. If (M, s) is a T-pointed R-module we denote the T-pointed R-
module (M[J], s) by tor(M, s), or simply by tor(M). We will denote the natural
inclusion tot(M) — M by tj.

Example 3.4. Let R = Z and let J be the complete ideal filter co on Z. Let
T = (Q/Z)?, which is oc-injective and oo-torsion. The abelian group M =
7 ® Z/6Z & 727 together with the map s : Z/6Z & Z/27Z that sends (1,0) to
(é, 0) and (0,1) to (0, %) is a T-pointed R-module.
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As is the case with field extensions, pushouts do not always exist in our newly-
defined category. However the pushout of two maps of T-pointed R-modules
exists if at least one of the two is injective and “as little a J-map as possible”.

Definition 3.5. We say that a map f: L — M of T-pointed R-modules is pure
if (f(L) :m J) = f(L)+ M[J].

Proposition 3.6. Let (L,r), (M,s) and (N,t) be T-pointed R-modules and let
f:L— M andg: L — N be maps of T-pointed R-modules. Assume that f is

injective and pure. Then the pushout M —— P +l N of f along g exists
in the category of T-pointed R-modules.

Moreover the pushout map j : N — P is injective, and if g is injective the
pushout map ¢ : M — P is injective.

Proof. We have to show that there is a T-pointed R-module (P,u) with maps
t: M — P and j: N — P such that the diagram

f

L — M
o s
N ——P

J
commutes and such that for every T-pointed R-module (Q,v) with maps & :

M — Qandl: N — @Q with ko f =10 g there is a unique map ¢ : L — @ such
that the diagram

L%

Q

M
N\
NN
) Q
commutes.

Let P’ be the pushout of f along g as maps of R-modules, and let i’ : M —
P’ and j/ : N — P’ be the pushout maps. Write P’ as (M & N)/S where
S={(f(\),—g(N\) | A€ L}. Let 7 : P’ = P be the quotient by the submodule

K = ({[(m, —n)] | for all m € M[J], n € N[J] such that s(m) =t(n)})
and let t =704 and j = 7o j'. Notice that io f =jog.

We claim that P’[J] is generated by i'(M[J]) and j/(N[J]). The claim is
obviously true if J = 0, so we may assume that J # 0. To prove the claim, notice
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that by Lemma [2.10)(3) we have P'[J] = (S :p@n J) /S, so any element of P'[J]
is represented by a pair (m,n) such that I(m,n) C S for some I € J. Then since
f is a pure map we have m = f(\) + t,,, for some A € L and some ¢, € M[J].

Let I’ € J be such that I't,, = 0. Then I NI' € J and for any nonzero
h € INI" we have (f(hA),hn) = h(m — tym,n) = h(m,n) € S, which means
that hn = —g(hA + z) for some z € ker(f). Since f is injective we have that
n = —g(\) +t, for some ¢, € N[J]. It follows that the class of (m,n) in P'[J] is
the same as that of (¢,,t,), which proves our claim.

Since K C P'[J], it follows easily from our claim that P[J] = P'[J]/K and
thus that the map

u:PJ] =T
[(m, n)] = s(m) + t(n)

is well-defined and injective. This shows that (P, u) is a T-pointed R-module and
that i : M — P and j : N — P are maps of T-pointed R-modules.

Let now (@, v), k and [ be as above. By the universal property of the pushout
there is a unique R-module homomorphism ¢’ : P’ — @ such that ¢’ o4’ = k
and ¢’ o j’ = [. Since k is a map of T-pointed R-modules, this implies that
vop oi =sand voy oj =t so that ¢ factors through P as a T-pointed
R-module homomorphism ¢ : P — Q.

For the last assertion we first notice that if g is injective, then so is the R-
module pushout map ¢’. Then we claim that ¢/(M)NK = 0. Indeed if [(mg,0)] =
[(m, —n)] in P’ for some mo € m, m € M[J] and n € N[J] such that s(m) = t(n),
then there is some A € L such that m —mo = f(A\) and n = g(X). Since g is
injective A is J-torsion, and we have r(A) = s(m) — s(mo) = t(n). But, since
s(m) = t(n), we must have mg = 0, and we conclude that /(M) N K = 0. It
follows that 7 = 7 o ¢’ is injective. Analogously, injectivity of f implies that of
J. O

Remark 3.7. Let R=7,J =2, T =17 [%] JZ,L=Zand M =N = %Z. The
R-modules L, M and N are T-pointed via the zero map, since their J-torsion
is trivial. Let f : L < M and g : L — N be the natural inclusion and notice
that they are maps of T-pointed R-modules that are not pure. We claim that
the pushout of f along g does not exist in the category of T-pointed R-modules.

Suppose instead that (P,u) is a pushout of f along g and consider the T-
pointed R-module (%ZEBZ/QZ, 2)7 where z : Z/2Z — T is the only possible
injective map. Consider the diagram
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LM
W
N ——P
J X
1 z
! 3LD 5
where the maps k£ and [ are defined as
L1 1 z L1 1 z
k: 32 — 32&5; l: 32 — 3705
and
3~ (30 3~ (51

Notice that k and [ are maps of T-pointed R-modules such that ko f =1log.
Then by assumption there exists a unique map of T-pointed R-modules ¢ : P —
1

17 & Z/27 that makes the diagram commute. In particular we have (j(3)) #

©(i(3)), which implies that j(3) # (). But since 2j(3) = j(g(1)) = i(f(1)) =
i(3) we have that ¢ := j() — i(3) is a 2-torsion element of P, and we must have

u(t) = L.

COHQSideI‘ now the map k' : M — 1Z & Z/2Z mapping % to (%,0), just as
[ does. This is again a map of T-pointed R-modules such that k' o f =l o g,
so there must be a map of T-pointed R-modules ¢’ : P — %Z @ Z/2Z that
makes this new diagram commute. Such a map ¢’ must map ¢t to 0, because
©'(7(3)) = (3,0) = ¢'(i(3)). But then the diagram of structural maps into T

27
would not commute, which is a contradiction. This proves our claim.

The class of T-pointed R-modules whose torsion submodule is isomorphic to
T will be particularly important for us.

Definition 3.8. Let (M,s) be a T-pointed R-module. We say that (M, s) is
saturated if tpr : M[J] — T is surjective (and hence an isomorphism).

Remark 3.9. The map tj; is a pure and injective map.
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Every T-pointed R-module can be embedded in a saturated module, and
the smallest saturated module containing a given one can be constructed as a
pushout.

Definition 3.10. If (M, s) is a T-pointed R-module we call saturation of (M, s),
denoted by sat(M, s) or simply by sat(M), the T-pointed R-module (P, u) which
is the pushout (in the category of T-pointed R-modules) of the diagram

M[J] <2 M
b
T—— P

We will also denote by sat(s) the map u and by s, the pushout map M — P.

Remark 3.11. Notice that the pushout map T" — P of Definition [3.10] is an
isomorphism onto P[J]. Indeed by definition of T-pointed R-module the following
diagram commutes:

T =TI[J]
idr
T
AS)
P[J]

where the vertical map on the left is the pushout map. It follows that sat(s),
which is injective by definition, is also surjective, hence an isomorphism, and
the pushout map is its inverse. In other words, the saturation of a T-pointed
R-module is saturated.

3.2 (J,T)-extensions

We can finally introduce the main object of study of this section.

Definition 3.12. Let (M,s) be a T-pointed R-module. A (J,T)-extension of
(M, s) is a triple (N, i,t) such that (N,t) is a T-pointed R-module and i : M — N
is a map of T-pointed R-modules and a .J-extension.

If (N,i,t) and (P, j,u) are two (J,T)-extensions of (M,s) we call a homo-
morphism of T-pointed R-modules ¢ : N — P a homomorphism or map of
(J,T)-extensions if ¢ oi = j.

We denote by JT(M, s) the category of (J, T)-extensions of (M, s).
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In the following we will sometimes omit the maps ¢ and ¢ from the notation
and simply refer to the (J,T)-extension N of M.

Remark 3.13. Let (N,4,t) and (P,j,u) be (J,T)-extensions of the T-pointed
R-module (M, s) and let ¢ : N — P be a map of (J, T)-extensions. Then (P, ¢, u)
is a (J, T)-extension of (N,t). In fact we have

(p(N):p J) 2 (j(M):p J)=P.

Example 3.14. Let R = Z, let J be the complete ideal filter 2°° of Z and let T be
the 2°°-torsion and 2*°-injective Z-module (Z [1] /Z)z. UM=Z0Z/2Z0Z/2Z
then the map s : Z/2Z®Z/2Z — T that sends (1,0) to (1,0) and (0,1) to (0, 3)
turns (M, s) into a T-pointed R-module.

Let N = 17 ® Z/AZ & Z/2Z. The maps

t1:Z/AZDZ/2Z — T to: ZJAZDZ)2Z — T
(1,0) — (1,0) and (1,0) — (0,7)

define two different T-pointed R-module structures (IV,¢1) and (N, t2) on N. The
componentwise inclusion f : M — N is a 2°° extension. Since it is compatible
with all the maps to T, both (N, f,t1) and (N, f,ta) are (2°°, T')-extensions of M.
They are not isomorphic as (2°°,T')-extensions, because they are not isomorphic
as T-pointed R-modules.

We can immediately see some similarities between (J, T')-extensions and field
extensions: every map is injective, and every surjective map is an isomorphism.

Lemma 3.15. Every map of (J,T)-extensions is injective.

Proof. Let (N,i,t) and (P, j,u) be (J,T)-extensions of the T-pointed R-module
(M,s) and let ¢ : N — P be a map of (J,T)-extensions. Let n € kery. Since
i: M — N is a J-extension there is I € J such that In C i(M). But since
j : M — P is injective and ¢(In) = 0, we must have In = 0, hence n is J-
torsion. But since ¢ is a map of T-pointed R-modules it is injective on M|[J] (see
Remark son = 0. O

Corollary 3.16. Every surjective map of (J,T)-extensions is an isomorphism.

Proof. Let (N,i,t) and (P,j,u) be (J,T)-extensions of the T-pointed R-module
(M, s) and let ¢ : N — P be amap of (J, T)-extensions. In view of Lemma [3.15]it
is enough to show that if ¢ is an isomorphism of R-modules, then its inverse ¢! :
P = N is also a map of (J, T)-extensions. But the fact that ¢! o j = i follows
directly from @ o4 = j while t =uo ¢|;[1J] = u follows from u o <p|N[J] =t 0O
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Proposition 3.17. Let (M,s) be a T-pointed R-module, let (N,i,t) be a
(J,T)-extension of (M,s) and let (P,j,u) be a (J,T)-extension of (N,t).
Then (P,joi,u) is a (J,T)-extension of (M, s).

Proof. The map j o1 is clearly a J-injective map of T-pointed R-modules, and it
is a J-map by Lemma [2.13 O

3.3 Pullback and pushforward

One can recover much information about the (J,T)-extensions of a certain 7-
pointed R-module by studying the extensions of its torsion submodule and of its
saturation — see for example our construction of the maximal (J, T')-extension in
Section [3:4] In order to study the relation between these categories, we introduce
the more general pullback and pushforward functors which, interestingly, form
an adjoint pair.

Definition 3.18. If ¢ : L — M is a map of T-pointed R-modules and (N, 1,1)
is a (J,T)-extension of M, we let

"N = (i(p(L)) :n J) , Qri= il @t =t (e Ny
and we call them the pullback along ¢ of N, i and ¢ respectively.

Lemma 3.19. Let ¢ : L — M be a map of T-pointed R-modules and let (N, 1,t)
be a (J,T)-extension of M. Then (¢*N,*i,©*t) is a (J,T)-extension of p(L).

Proof. Clearly (¢*N, ¢*t) is a T-pointed R-module and

¢rto 9hiloy = o iy = sl

so ¢*i 1 (p(L), s|,r)) = ("N, ¢"t) is an injective map of T-pointed R-modules.
Moreover (¢*i(¢(L)) :p»n J) = ¢*N by definition and by Lemma 2), so
that (p* N, p*i, p*t) is a J-extension. O

Definition 3.20. If ¢ : L — M is a map of T-pointed R-modules, N and P are
(J, T)-extensions of M and f: N — P is a map of (J, T)-extensions, the map

f

N PN =" P
is a map of (J, T)-extensions of ¢(L), which we denote by ¢*f.

Proposition 3.21. Let ¢ : L — M be a map of T-pointed R-modules. The
diagram
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(N,i, t) —— (*N, i, p*t)

J{f J{w* f

(Pajv u) — (SD*Pv 90*]7 QO*’LL)
defines a functor from JT(M, s) to JE(o(L), sl r,))-

Proof. In view of Lemma we only need to check that ¢* behaves well with
the respect to the composition of maps of (J, T')-extensions. If

N-Lp-2q

are maps of (J, T)-extensions of (M, s), we have

e g0 f=glopo flon= (g0 f)ln=0¥"(gof).

O

Definition 3.22. We call the functor of Proposition the pullback along o,
and we denote it by ¢*.

Definition 3.23. If ¢ : L — M is an injective and pure map of T-pointed R-
modules and (N, ,t) is a (J, T)-extension of L we denote by @i : M — @, N the
pushout of 7 along .

Lemma 3.24. Let ¢ : L — M be an injective and pure map of T-pointed R-
modules and let (N,i,t) be a (J,T)-extension of L. Then (p.N,p.i, pit) is a
(J,T)-extension of (M,s).

Proof. This follows from the fact that ¢.i is injective and @.N/(p.i)(M) =
N/i(L) is J-torsion, because i : L — N is a J-extension. O

Lemma 3.25. Let ¢ : L — M be an injective and pure map of T-pointed R-
modules, let (N,i,t) and (P,j,u) be (J,T)-extensions of L and let f : N — P
be a map of (J,T)-extensions. Then there is a unique map of (J,T)-extensions

of M
s f N = o, P
such that the diagram

N —— o, N

Jf L"* !

P—— P
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commutes, where the horizontal maps are the pushout maps.

Proof. 1t is enough to apply the universal property of the pushout of ¢, N to the
diagram

L—*2 M
1]
N —— N

Indeed the map . f : p.N — ¢.P, whose existence is ensured by the universal
property, is such that ¢.P/p.f(p.N) = P/f(N) is J-torsion. O

Proposition 3.26. Let ¢ : L — M be an injective and pure map of T-pointed
R-modules. The diagram

(Nv 7;7 t) — (QO*N, 50*7’7 Sp*t)

Jf L"* f

(P7j7u) _ (QD*P7 @*]730*’“)
where o f is as in Lemma defines a functor from JZ(L,r) to JT(M,s).

Proof. In view of Lemmas and [3.25]it is enough to show that ¢, behaves well
with respect to the composition of maps of (J,T)-extensions. This is immediate
from the construction in Lemma [3.25| and the uniqueness part of the universal
property of the pushout. O

Definition 3.27. We call the functor of Proposition the pushforward along
o, and we denote it by ..

Theorem 3.28. Let ¢ : (L,r) < (M, s) be an injective pure map of T-pointed
R-modules. Then the functor . is left adjoint to ©*.

Proof. Since ¢ is injective we will, for simplicity, denote ¢(L) by L.
Let (N,i,t) be a (J,T)-extension of L and let (P,j,u) be a (J,T)-extension
of M. We want to show that we have

Homjs (g, (N, 9" P) = Homgg(az,s) (0« N, P)

naturally in N and P.
Let f : N — ¢*P be a map of (J,T)-extensions of L; notice that in particular
foi=*j. Composing f with the natural inclusion ¢*P — P we get a map of



3. THE CATEGORY OF (J,T)-EXTENSIONS 163

T-pointed R-modules ' : N — P such that f' oi = j o ¢, so by the universal
property of the pushout there exists a unique map g : p.IN — P that is a map
of (J,T)-extensions of M.

We define a map

\IJN,p : HOHng(LJ‘) (N, SD*P) — HOIH"}:}:(M7S) ((ID*N7 P)

by letting U p(f) := g. The map ¥ is natural in N and P, since it is defined by
means of a universal property. Indeed, if h : N' — N is a map of (J, T')-extensions
of Land f’ = foh then ¥y p(f’) is by definition the unique map ¢, N’ — P that
makes the pushout diagram commute so it must coincide with g o ¢.h. Similarly
if k: P — P'is amap of (J,T)-extensions of M then Wy p/(p*k o f) must
coincide with ko g.

To see that the map Uy p is injective, let f': N — ¢*P be another map and
assume that ¥y p(f) = Un p(f’). But then the composition of ¥y p(f) with
the pushout map N — ¢, N coincides with the composition of f and the natural
inclusion * P < P, and analogously for f’, so we conclude that f = f.

To see that Uy p is surjective, let ¢’ : ¢. N — P be a map of (J, T)-extensions
of M. Then by definition of pullback its composition with N — ¢.N factors
through ¢*P < P as a map of (J,T)-extensions f' : N — ¢*P, and again by
the uniqueness of the map of the universal property of the pushout one can check
that \I/NJJ(f/) = g/. O

Remark 3.29. Let ¢ : L — M be an injective and pure map of T-pointed R-
modules and let (N, i,t) and (P, j,u) be (J, T)-extensions of L and M respectively.
We can give an explicit description of the unit

N i N — @ p N
and the counit
ep: P — P

of the adjunction.

Notice that the pushout map N — ¢, N is injective. Moreover, since N is a J-
extension of L, the image of this map is contained in ¢* @, N = (p4i(p(L)) :p. v J)-
The resulting inclusion N < ¢*p, N is the unit ny.

By definition ¢* P is contained in P, and the diagram

L—* M

b

P — P

commutes, so by the universal property of the pushout there exists a map
pxp* P — P. This map is the counit ep.
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The following examples of pullback and pushforward functors are of particular
importance to us, because they will be key to the construction of maximal (J, T')-
extensions.

Definition 3.30. Let M be a T-pointed R-module and let ty; : M[J] — M be
the natural inclusion of its torsion submodule. We will call the pullback functor
3, the torsion functor and we will denote it by tot.

Remark 3.31. For every (J, T)-extension of tot(M) the unit map
N : tO‘C((’LM)*N) — N

is an isomorphism. Indeed, we have tor((tpr).N) = ((tar)«N)[J] = N[J], and
since N is a (J,T)-extension of a J-torsion module and J is complete then
N[J]= N.

Notice that the inclusion s;; of a T-pointed R-module into its saturation is
injective and pure.

Definition 3.32. Let M be a T-pointed R-module and let sp; : M — sat(M)
be the inclusion into its saturation. We will call the pushforward functor (sas).
the saturation functor and we will denote it by sat.

Remark 3.33. The counit map ep : P — sat(s},P) is an isomorphism. Indeed,
one can see from the definition of pullback that s}, P = P is saturated, hence it
coincides with its own saturation.

3.4 Maximal (J, T)-extensions

Maximal (J, T)-extensions are the analogue of algebraic closures in field theory.
The main result of this section is the proof of the existence of a maximal (J, T)-
extension for any T-pointed R-module, and we achieve this by first constructing
such an extension for its torsion and its saturation.

Definition 3.34. A (J,T)-extension I' of the T-pointed R-module M is called
mazimal if for every (J,T)-extension N of M there is a map of (J, T)-extensions
p: N —=T.

The definition of T-pointed R-module already provides a maximal (J,T)-
extension for any J-torsion module.

Lemma 3.35. Let (M,s) be a T-pointed R-module. If M is J-torsion, then
(T, s,idr) is a maximal (J,T)-extension of (M, s).
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Proof. If (N,i,t) is a (J, T)-extension of M, then in particular we have
N = (Z(M) ‘N J) = ((0 :i(M) J) ‘N J) Q ((0 ‘N J) ‘N J) = (O ‘N J) = N[J]

so N is J-torsion. Then t : N — T satisfies t o7 = s and idp ot = ¢, so it is a
map of (J,T)-extensions. O

The existence of a maximal (J, T')-extension of a saturated module comes from
the existence of a J-hull, and it requires only a little more technical work.

Lemma 3.36. Let (M,s) be a saturated T-pointed R-module and let v : M < T
be a J-hull of M. Then

1.t pppgy 2 M[J] = T[J] is an isomorphism.
2. (T,e,7) is a mazimal (J,T)-extension of (M,s), where T :=so L|J;11[J],

Proof. For (1) notice that ¢|y,; : M[J] < I'[J] is an essential extension by
Lemma [2.15] so it is an isomorphism by Proposition [2.23

For (2) we have that T is a (J, T')-extension of M, because it is a J-extension
and 7o ¢y 5 = 5. Let (N, i,t) be any (J, T)-extension of M. Since i : M < N is
a J-extension, there is a homomorphism ¢ : N — I" such that poi = «. Moreover,
since to i|y, 5 = s and 7o (9 04)[ 5 = T Ly = 8, We have To @y =1, s0
¢ is a map of (J,T)-extensions. It follows that I' is a maximal (J, T)-extension
of M. O

Finally we can construct a (J, T)-extension of any T-pointed R-module.

Proposition 3.37. Let (I',¢,7) be a (J,T)-extension of the T-pointed R-module
(M, s) such that T' is saturated. Then T is a mazimal (J,T)-extension of M if
and only if sat(T') is a mazimal (J, T)-extension of sat(M).

Proof. Assume first that I" is a maximal (J, T')-extension of M and let (V,4,t) be
a (J,T)-extension of sat(M). Then there is a map ¢ : s3,N — I' of (J,T)-
extensions of M, so there is a map sat(y) : sat(s},N) — sat(I') of (J,T)-
extensions of sat(M). By Remark we have N = sat(s},N), so there is also
amap N — sat(T"). This proves that sat(T',¢,7) is a maximal (J, T')-extension of
sat(M).

Assume now that sat(I") is a maximal (J, T')-extension of sat(M). Let (N, 1,)
be a (J, T)-extension of M. Then there is a map of (J, T')-extensions f : sat(N) —
sat(T") completing the following diagram:
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NJ]

SN s

\ sat(e)
sat(i)

sat(NV)

sat(s

=

Notice that since I" is saturated the map st : I' < sat(T") is an isomorphism. So
we can define ¢ := 51?1 ofosy: N — T and we have

J{ sat(M)
T

sat(T)

sat(t) ! f

sropoi=fosyoi= fosat(i)osy =sat(t)oss =sro¢
hence ¢ o i = ¢. Moreover, since sat(7) o sp = 7, we have
—1
TOo <P|N[J] =TOos5p °f°5N|N[J] =
=Tos5 o fosat(t) ot =

:Tosflosat(T)_l ot =
=t

so ¢ is a map of (J,T)-extensions. Hence I' is a maximal (J,T)-extension of
M. O

Theorem 3.38. Fvery T-pointed R-module M admits a mazimal (J, T)-extension.
Moreover, for any mazimal (J,T)-extension T of M the following hold:

1. If TV is another mazimal (J,T)-extension of M, then T' =2 TV as (J,T)-
extensions;

2. The module T is saturated;
8. The module T is J-injective;

4. If (N,i,t) is a (J,T)-extension of M and ¢ : N — T is a map of (J,T)-
extensions, then (I',,T) is a mazimal (J,T)-extension of (N,t).
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Proof. Let j : sat(M) — T be a J-hull of the saturation of M and let 7 :=
sat(s) o j|;a1t(M)[J]. By Lemma we have that (T, 7,7) is a maximal (J,T)-
extension of sat(M). By Remark we have that (I',¢,7) = t§,(I,j,7) is a
(J,T)-extension of M such that sat(T,¢,7) = (T, j,7), so by Proposition we
conclude that it is a maximal (J, T')-extension of M.

Let now (IV, ¢/, 7") be another maximal (J, T')-extension of (M, s). Then there
is a map of (J,T)-extensions f : I' < T which is an essential J-extension by
Lemma [2.15 as it is an isomorphism on the J-torsion. Since I is J-injective we
have that f is an isomorphism by Proposition[2.23] This shows that any maximal
(J, T)-extension of M is isomorphic to I', which proves (1), (2) and (3) at once.

For (4) it is enough to notice that if j : sat(M) — T is a J-hull, then so
is sat(p), thus by the same argument as above I' is a maximal (J, T')-extension
of N. O

4 Automorphisms of (J, T)-extensions

Fix for this section a ring R, a complete ideal filter J of R and a J-torsion and
J-injective left R-module T'. Fix moreover a T-pointed R-module (M,s) and a
maximal (J, T)-extension (T',¢,7) of (M, s).

4.1 Normal extensions
We define normal extensions in analogy with field theory.

Definition 4.1. A (J,T)-extension i : M — N is called normal if every injective
J-map f: N — I such that f oi = has the same image.

Notice that we are considering all injective J-maps that respect ¢ : M — T,
even if they are not maps of (J, T')-extensions, that is even if they do not respect
the embeddings of the torsion submodules into 7.

Remark 4.2. Although we will not make use of it, it interesting to notice that
the group Autys(N) acts on Emb,, (N, T') by composition on the right. It is then
easy to see that N is normal if and only if this action is transitive.

This is reminiscent of Galois theory a la Grothendieck. One might wonder
if, assuming the necessary finiteness conditions on automorphism groups hold,
the category of (J,T)-extensions is indeed a Galois category with fundamental
functor Emb,;(—,T'). Unfortunately, the fact that in general pushouts of (J, T)-
extensions do not exist (see Remark implies that this is not the case.

We may refine this question as follows: does the category of (J, T')-extensions
embed as the subcategory of connected objects of some Galois category?

Proposition 4.3. Every saturated (J,T)-extension of M is normal.
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Proof. Assume that M is saturated, let ¢ : M < N be a (J, T')-extension and let
fsg: N <= T be injective J-maps with foi=goi =1 If f(N)# g(N), we may
assume without loss of generality that there is n € N with f(n) € g(N). Then
t:= f(n) — g(n) € T'[J] by Lemma Since N is saturated and g is injective
we have t € g(N), thus f(n) = g(n) +t € g(N), a contradiction. We deduce that
f(N) =g(N), so N is normal. O

Corollary 4.4. Every mazimal (J,T)-extension is normal.

4.2 A fundamental exact sequence

Proposition 4.5. Let (N,i,t) be a normal (J,T)-extension of (M,s) and let
Autpry v (N) denote the subgroup of Auty(N) consisting of those automor-
phisms that restrict to the identity on the submodule of N generated by i(M) and
N[J]. Then the restriction map along sy : N — sat(N)

Autsa(ar) (sat(N)) = Autarinp (V)
1s a well-defined group isomorphism.

Proof. Let us identify for simplicity N with its image sy (N) in sat(N), and let
o € Autgqan(sat(N)). To see that the image of 0|y is contained in N, let
f:sat(N) — T be a map of (J, T)-extensions of sat(M), which is necessarily also
a map of (J, T)-extensions of M. Since sat(s) is an isomorphism, also f oo is a
map of (J, T)-extensions of sat(M), and since N is normal we have that the image
of N in T under f and under f oo are the same, which shows that o(N) = N.
Since this holds for both o and its inverse, we have that o|y € Auty(N), and
clearly o is the indentity on N[J].

To show that the restriction to NV is an isomorphism, we construct an inverse.
Let now o € Autyyns(V), and recall that we can see it as a map of (J,7T)-
extensions of (M, s)

o (N,t) = (N,toalyy)-
Composing it with sy we get a map
sy oo (N,t) = (sat(N), (sn).(to o|yz))-
Moreover, the map sat(i) is also a map of (J, T')-extensions
sat(i) : (sat(M), (sar)«s) = (sat(N), (sn)«(t0 o))
so by the universal property of the pushout there is a map of (J, T')-extensions

o' (sat(N), (sn)«t), (sat(N), (sn)«(t o olni)) -
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It is straightforward to check that o — ¢’ provides an inverse for the restriction
map Autgqear)(sat(N)) — Autps(N), which is then an isomorphism. O

Proposition 4.6. Let (N,i,t) be a (J,T)-extension of (M,s). Then the map

@ : Autpry v (N) — Hom (Z_(M)]XN[J],N[JD

o (po i [n] = o(n) —n)
is an isomorphism of groups. In particular, Autgqary(sat(N)) is abelian.

Proof. We will denote by [n] the class of an element n € N in N/(i(M)+ N[J]).
Notice that for any o € Autysyns(N) we have o(n) —n € N[J] by Lemma
and ¢, is a homomorphism of R-modules. To see that ¢ — ¢, is a group
homomorphism, let o’ € Auty;4ns(N). Then, since o is the identity on N[.J]
and o’(n) —n € N[J], we have

o(d’'(n)) —n=0c(c'(n)) —n+o'(n) —n—o(c’'(n) —n)
=o(n)—n+dad'(n)—n

which shows that ¢ is a group homomorphism. It is also clearly injective, because
if py(n) = n then o must be the identity.

To prove surjectivity it is enough to show that for any R-module homomor-
phism h : N/(i(M) + N[J]) — N[J] the map

op,: N —> N
n— n+ h([n])
which is clearly the identity on (M) + N[J], is an automorphism of N. It is
injective, because if n = —h([n]) then in particular n is torsion and thus [n] = 0.
It is also surjective, because for any n € N we have
on(n = h([n])) = n = h([n]) + h(ln — h([n))])
=n—h([n] = [n+h([n]))

O

Corollary 4.7. Let (N,i,t) be a normal (J,T)-extension of M. Denoting for
simplicity by sat(M) the image of sat(M) inside sat(N) we have

Autaai(ar (50t(N)) = Hom (j;:&)) , t0t(N)> .
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Proof. The claim follows from the two propositions above and the fact that

N , sat(N)

i(M)+ N[J]  sat(M)’

To see that the two quotients are isomorphic, consider the following map:

N —  sat(N)/sat(M)
n — sy(n)+sat(M)

Its kernel is (M) + N[J] and it is surjective because sat(N) is generated by the
images of N and T'. O

Remark 4.8. Let N be a (J,T)-extension of M and let o € Autp/(N). The
restriction of o to N[J] is an element of Autys;(N[J]). Indeed, the image of a
J-torsion element under a map of (J, T')-extensions is again a J-torsion element;
since this is true for both o and ~! we can conclude that ol iyt NIJ1 = N[J]
is an automorphism.

Lemma 4.9. If (N,i,t) is a normal (J,T)-extension of (M,s), the restriction
map

18 surjective.
Proof. Let o € Auty(N[J]). Notice that (N,i,t 0 0) is also a (J, T')-extension
of M, and let f : (N,i,t) < (Iy¢,7) and g : (N,i,t 0o 0) < (I',¢,7) be maps of

(J, T)-extensions. Since N is normal we have f(N) = g(N), thus f~!og is an
automorphism of N that restricts to o. O

The exact sequence appearing in the following theorem has been studied, in
some particular cases, in [JP21], [Pall4] and [Chapter [3].

Theorem 4.10. Let M be a T-pointed R-module and let N be a normal (J,T)-
extension of M. Then there is an exact sequence of groups

1 — Hom (EZ:((]\]\;))’{;M(N)> — Autp (N) = Auteear) (tor(N)) — 1

Moreover Auto(ar)(tor(NN)) acts on Hom(sat(NN)/sat(M),tor(N)) by composi-
tion.

Proof. By Lemma the map Auty(N) — Autyeear(tor(N)) is surjective and
its kernel is Aut;ar)4n1s(IV) by definition. By Proposition this group is
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isomorphic to Autsa¢as)(sat(N)) via the restriction under sy : N — sat(NV).
Combining this with Corollary we get the desired exact sequence.

The fact that Autee(ar(tor(N)) acts on Aut;as)4nps) by conjugation is a
standard result on short exact sequences with abelian kernel, and one can trace
this action wunder the isomorphisms described above to check that on
Hom(sat(N)/sat(M), tor(NN)) this action is indeed the composition of maps, sim-
ilarly to [Chapter [3| Proposition 3.12]. O

5 Kummer theory for algebraic groups

5.1 General theory

Let K be a field and fix a separable closure Ks of K. Let G be a commu-
tative algebraic group over K, let R C Endg(G) be a subring of the ring of
K-endomorphisms of G and let M C G(K) be an R-submodule. Let J be a
complete ideal filter of R, let T':= G(K)[J] and let T := (M L G(R) J).

We are interested in studying the field extension K(I') of K, that is the
fixed field of the subgroup of Gal(K, | K) that acts trivially on I, and we
want to do so using the theory of (J,T')-extensions introduced in the previous
section. A necesary and sufficient condition in order to proceed this way is that
T = G(K)[J] be J-injective: indeed in this case I' is a saturated, and thus normal,
(J,T)-extension of M.

Remark 5.1. The condition that T is J-injective for some, and in fact for all,
ideal filters J, holds for example if G is a simple abelian variety with R a maximal
order in the division algebra End(G) ® Q. Indeed in this case every non-zero
element r of R is surjective on G(K), which implies that T is divisible: if an
element u € G(K) is such that ru =t € T and I € J is such that It = 0, then
since [ is a right ideal we have Iu = 0, so u € T’; hence r : T — T is surjective
and T is divisible.

It follows that T is injective: this is a well-known statement if R is a Dedekind
domain, but the proof can be adapted to the non-commutative case as follows.
Let I be a left ideal of R and let f: I — T be a map that we wish to extend to
a map f : R — T. By [Rei75l Theorem 22.7] there is a right fractional ideal J of
R such that IJ = Rand 1 € JI C R. In particular there are non-zero elements
bi,...,by € Janday,...,a, € I such that > b;a; = 1, and since T is divisible
there are x1,...,x, € T such that a;x; = f(a;). It follows that for every y € I
we have

n

fly)=1f (yzbiai> = Z(ybi)f(ai) = yZ(biai)xi

i=1
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and we can let f(r) =r i (ba;)x; for every r € R.

Let us then assume that T = G(K)[J] is J-injective, so that I is a saturated,
therefore normal, (J,T)-extension of M. Then the standard exact sequence of
groups coming from the tower of Galois extensions K C K(T') C K(I') maps into
the exact sequence via the Galois action on the points of GG, and we obtain
the following commutative diagram of groups with exact rows:

1 — Gal(K(T') | K(T)) — Gal(K(T') | K) — Gal(K(T) | K) — 1

: P

1 Hom (Eatle),T) Autp(I') ——— Autgear)(T) —— 1

Notice that the action of Auty (7)) on Hom(I'/(M + T'),T) restricts to an
action of Im(7) on Im(k).

Definition 5.2. In the situation described above we will call the maps «, 7 and p
the Kummer representation, the torsion representation and the torsion-Kummer
representation, respectively.

As in Section[2.4] if N and P are R-modules and S is a subset of Hompg(N, P)
we let ker(S) = (¢ ker(f).

Theorem 5.3. There is an exact sequence of abelian groups

(sat(M) :sarc(x)) J)
sat(M)

Proof. By Lemma for any b € G(K(T')) we may define a map

— ker(Im(x)) — H'(Im(7),T)

wp:Im(k) = T
o o(b)—b

which is a cocycle. It follows that the map

¢ : G(K(T)) - H'(Im(7),T)
b=

is a group homomorphism. Moreover its kernel is

ker(p) = {b € G(K(T)) | ¢» is a coboundary}
={be G(K(T)) |3t € T such that o(b) —b=0(t) —tVo € Im(x)}
={be G(K(T)) |3t €T such that oc(b—t) =b—tVo € Im(k)}
=GK)+T
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so that we have an exact sequence
0—GK)+T— G(K(T)) — H'(Im(7), T)
and considering the intersection of the first two terms with I" we get
0=TNGK)+T) =T NGK(T)) — H (Im(7),T) .

Since M + T C T N(G(K) + T) we also have

'n(GK)+1T) . I'NG(K(T))

0—
M+T M+T

— HY(Im(7),T).
Rewriting M + T = sat(M) and G(K) + T = sat(G(K)), noticing that

FNnsat(G(K)) = (sat(M) sat(G(K)) J)

and that
ker(Im(k)) =z € r | f(z) =0V f €Im(r)
B M+T B
_{zel|o(@) =2Yo clm(x)}
B M+T
_ I'nG(K(T))
- M+T
we get the desired exact sequence. O

The following theorem generalizes [Chapter [3|, Theorem 5.9].

Theorem 5.4. Assume that the End(T')-submodule of Hom(I'/sat(M),T) gen-
erated by Im(k) is finitely generated. Suppose that the following three conditions
hold

1. There is a positive integer d such that
d- (sat(M) :sae(c (o)) J) C sat(M).
2. There is a positive integer n such that

n-H'(Im(7),T) = 0.

3. There is a positive integer m such that the subring of End(T") generated by
Im(7) contains
m - End(T).
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Then Im(x) contains dnm - Hom(I'/sat(M), T).

Proof. Let V be the End(T)-submodule of Hom(T"/sat(M), T') generated by Im(x)
and let X = T'/sat(M). From (1) and (2) it follows that ker(V) = ker(Imx) C
X|[dn]. Since V is finitely generated as an End(T)-module, by Proposition [2.32]
we have

X X
V= _~ 7)o = _T)>dn- .
Hom (ker(V) , T) D Hom (X[dn]’T> Ddn-Hom(X,T)

Since Im(k) is an Im(7)-module, we have
Im(k) =Im(7) - Im(x) 2 m - End(T) - Im(x) = m -V D dnm - Hom(X,T)

and we conclude. O

5.2 Elliptic curves over number fields

We keep the notation of the previous section and we further assume that K
is a number field, that G = E is an elliptic curve and that R = Endg (F). In
particular we have that K, = K and that R is either Z or an order in an imaginary
quadratic number field. Up to replacing K by an extension of degree 2 we may
assume that Endg (E) = End(E).

Notice that T = E(K)[J] is contained in E(K )os: indeed, if 2 € T then
there is I € J such that Iz = 0. Since R is an order in a number field there is
some non-zero integer n € I, so nz = 0 and x is torsion.

Proposition 5.5. The R-module E(K)[J] is J-injective.

Proof. By [LJ96, Proposition 5.1] the R-module F(K )ios is injective, thus in par-

ticular J-injective. Since E(K)[J] = (015, J) it follows from Lemuma [2.28

tors

that E(K)[J] is J-injective. O

Remark 5.6. Although not necessary for our applications, it is interesting
to notice that in this setting I’ is a maximal (J,T)-extension of M. Indeed
E(K)/E(K )tors is a torsion-free module over the commutative integral domain
R, so it is injective. Then the short exact sequence of R-modules

0— E(K)tors —» E(K) = E(K)/E(K)tors — 0

splits, so that E(K) = E(K)/T @ T as R-modules and since R is Noetherian it

follows that E(K) is injective. As in the above proposition we may conclude that
T is J-injective, thus it is a maximal (J, T')-extension of M.
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We now specialize to the case J = co.

Remark 5.7. Notice that in case J = oo we have T' = G(K )tors and
I'={z € E(K) | nz €M for some n € Z>o} .

If R = Z then Endg(T) is isomorphic, after fixing an isomorphism T 2 (Q/Z)?,
to Matzxg(Z). If R is instead an order in an imaginary quadratic field then
Endg(T) = R®ZZ Indeed, fix for every prime p a Zy-basis for Ry, := R®zZ, and
consider the Z-subalgebra C' = [I, Cpof Matgxg( ) =11, Mat2><2(Z ), where C,
is the image of the embedding of R into Matgxg(Z ) given by its multiplication
action on the Z,-module Z2 R,. Then R®zZ=Cis a Z—algebra free of rank
2 as a Z- module, since every C), is a Zy-algebra of rank 2. Then for a suitable
choice of an isomorphism T =2 (Q/Z)? we have

Endg(T) = {p € Endz(T) | f(r(t)) =r(f(t))Vr € R, t €T}
{gﬁ € Matay2(Z) | fe = cf Ve € O}
=C

where the last equality follows by applying the Centralizer Theorem to the central
simple Qp-subalgebra R®z Q) of Matax2(Q)) and then restricting the coefficients
to Zp.

In both cases, the map 7 coincides with the usual Galois representation asso-
ciated with the torsion of F.

Proposition 5.8. Assume that the abelian group structure of E(K) is known
and that M is given in terms of set of generators for E(K). Then there exists
an effectively computable positive integer d such that

d- (sat(M) ‘sat(G(K)) OO) - 5at(M) .

Proof. First of all notice that sat(M) = M + T and sat(G(K)) = G(K) + T seen
as subgroups of E(K). We conclude thanks to the considerations of [Chapter |3|
Section 6.1]. 0

Proposition 5.9. There exists an effectively computable positive integer n such
that
n-H'(Im(7),T) =0.

Proof. This follows from [Chapter [3| Proposition 6.3] and [Chapter [3] Corol-
lary 6.8] in the non-CM case and from [Chapter [3] Proposition 6.12] in the CM
case. O
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Proposition 5.10. There exists an effectively computable positive integer m such
that the subring of Endgr(T) generated by Im(7) contains m - Endgr(T).

Proof. This follows again from [Chapter [3] Corollary 6.8] in the case R = Z and
from [LomI7, Theorem 1.5] in the CM case. O

Theorem 5.11. Assume that the abelian group structures of E(K) and M are
effectively computable. Then there exists an effectively computable positive con-
stant ¢ such that the index of Im(k) in Hom(T'/sat(M),T) divides c.

Proof. This is a direct consequence of Theorem and the three propositions
above. O

Remark 5.12. Since Theorem [5.4] is stated in a fairly general form, one might
wonder if it can be applied to obtain a version of Theorem for higer-
dimensional abelian varieties.

Provided that one is in, or can reduce to, a case in which T is a J-injective R-
module (for example if the abelian variety is simple and its endomorphism ring is
a maximal order in a division algebra, see Remark7 the key steps are finding
effective bounds for the integers n and m of Theorem Effective bounds for
m are known, see for example [RG20, Théoréme 1.5(2)].

It is also known (see [Chapter[I]) that a bound for n can be obtained by finding
explicit homotheties in Im(7). This seems a harder problem to tackle, but one can
hope to reduce to finding homotheties in the images of the f-adic representations,
as done in [Chapter |1} Section 7]. Explicit results on the existence of homotheties
in the image of f-adic representations attached to abelian varieties are obtained
for example in [GM20].
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