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Abstract

Given elliptic curve E, we consider a family of field extension generated by
n-torsion points of F, called division fields. The main objective of this thesis
is determine the behavior of primes of good reduction in these extensions. De-
pending on a divisibility criterion, we get a case distinction into unramified and
(possibly) ramified primes. In the unramified case we find a matrix represen-
tative of the Frobenius conjugacy class in the Galois group, using information
about the endomorphism ring of the reduced curve. We will generalize this to
abelian varieties, which introduces some difficulties. Finally, we give a lower
bound for the ramification index in the ramified case, using Newton polygons.
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1 Introduction

Given an elliptic curve E over a number field K, we consider the family of Galois
extensions of K given by the fields of definition of torsion subgroups of £. When F
is given by a Weierstrass equation

v’ =2 +azx +b, (1)

the n-th division field K (FE|n]) is obtained by adjoining to K the z- and y- coordi-
nates of all n-torsion points. In this thesis we will look at how primes of K with
good reduction for F split in these extensions.

In order to motivate this, we note that the construction of these fields is very
similar to those of cyclotomic fields, where in the case of K((,) the n-torsion points
of the multiplicative group K are adjoined to K. Cyclotomic extensions play an
important role in number theory. They are well understood, and primes behave
predictably.

Understanding division fields leads to a couple of applications. One type of appli-
cation is studying number fields by embedding them into a division field if possible.
For cyclotomic extensions we have the theorem of Kronecker-Weber, which states
that any abelian extension of Q can be embedded into some cyclotomic extension
Q(¢,). For an imaginary quadratic field K, similar results can be achieved using di-
vision fields of any elliptic curve with complex multiplication by the ring of integers
Ok, see | , 11.5.6].

Another such application is given in | |, where the splitting fields of certain
non-solvable quintics can be embedded in the 5th division fields of corresponding
elliptic curves.

A second type of application is studying the absolute Galois group G of K
by f¢-adic representations. In the cyclotomomic case, for any prime ¢ this leads to
the 1-dimensional cyclotomic character

Xe- GF/K — ZZ? (2)

defined by the action of Galois elements on ¢-power roots of unity, explicitly given
by o((m) = %(“) mod ™ for o € Gx /i For division fields of elliptic curves we will
see that we get a 2-dimensional /(-adic representation

pe: G — GLa(Zy), (3)

defined by the action of Galois elements on the ¢-power torsion points of E. Such
(-adic representations are extensively studied by Serre in | ]
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A third type of application is determining the possible K-rational torsion sub-
groups for elliptic curves over a given number field K, or number fields K of a given

degree. Over Q such a classification was first given by Mazur | , ]. These
results have been generalized to number fields of higher degrees and the theory of
sporadic points, see [ |. In | | ramification in division fields is used to

show that elliptic curves with certain supersingular reduction conditions cannot cor-
respond to sporadic points on modular curves.

This thesis will be divided into 4 parts. In part I, we will take a closer look
at torsion points and division fields in general. We will show that primes of good
reduction will split into two classes, unramified and ramified, depending on whether
the prime divides n.

In part II we will take a closer look at the unramified primes. In particular we
will look at a result of Duke and Téth | |, which gives a representative of the
similarity class of the Frobenius for any unramified prime. We give an alternative
proof, using the module structure of the endomorphism ring on Tate modules.

In part III we try to generalize the results of part II to abelian varieties, for which
our alternative proof is more suited. We obtain partial results, depending on whether
the endomorphism ring satisfies certain properties regarding fractional ideals.

In part IV we return to elliptic curves, but this time we look at the ramified
primes. We will study lower bounds for the ramification index for primes with su-
persingular reduction, using Newton polygons on both division polynomials and the
multiplication-by-p map in the formal group.

I would like to give very special thanks to my supervisor Gunther Cornelissen, for
his excellent guidance and input, and for suffering through my sometimes irregular
writing schedule. Furthermore, I would like to thank Stefano Marseglia, Valentijn
Karemaker and Hanson Smith for answering my questions through Skype and email.
Lastly, I want to express my gratitude to Reem Chaalan and Evie Roebroek for
pushing and motivating me.

1.1 Prerequisites

We will assume the reader is familiar with the basic concepts of elliptic curves and
algebraic number theory. For elliptic curves we refer the reader to Silverman’s book

[ |. For algebraic number theory we point to the book | ] by Neukirch,
and Stevenhagen’s lecture notes | | and [ ]. Local fields are covered in both
[ | and | |, and for p-adic analysis we refer to [ ].



Note that in [ ] all field are assumed perfect. We will also make this assump-
tion to make things simpler, since all the fields we want to consider are actually
perfect.



Part I
Torsion points and division fields

2 Torsion points

In this section we will look at torsion points of elliptic curves in general. We describe
the group structure of torsion subgroups, and see how we can study ¢-power torsion
using Tate modules. Then we consider some methods to calculate torsion points
explicitly, using division polynomials and the multiplication-by-p map in the formal

group.

2.1 Torsion subgroups

Let E be an elliptic curve over a perfect field K. For any integer n > 1, we can
consider the n-torsion subgroup

En]:={P € E(K): nP = O}. (4)

The group structure of E[n] is well known. If the base field K has characteristic 0,
then for any integer n > 1 we have an isomorphism of abelian groups

En| =2 Z/nZ x Z/nZ.

If K has characteristic p > 0, then this still holds for all integers n > 1 coprime to
p, and furthermore we have (see | , 111.6.4])

Z/p*7 if E is ordinary,

0 if E is supersingular.

Bl = {

Remark 2.0.1. Again this is analogous to the case of n-th roots of unity u, C K,
where if n is coprime to p = char(K) then p, = Z/nZ and p,» = 0. However, for
elliptic curves there is an extra case (when E is ordinary).

Example 2.1. Let E/K be an elliptic curve given by a short Weierstrass equation
y*> = 2® + ax + b. Note that for P = (z,y) € E, we have —P = (z,—y). Therefore
P is a non-zero 2-torsion point if and only if y = 0. Let a, 3,7 € K be the roots of
2% + ax + b. Then the 2-torsion points of E are given by

E[2] = {(,0),(5,0), (7,0),0}.
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Figure 1: The 4-torsion points on the fundamental domain of £ = C/A where
A= Zwl @D Z(.UQ.

When K = C, we have an alternative description for its n-torsion points. Recall
that any elliptic curve E over C is isomorphic to a complex torus, i.e.

E=C/A, (5)

for some lattice A C C. Under this isomorphism, E|[n| is the set of all points
z+ A € C/A such that nz € A, and thus

1
Eln] = HA/A' (6)
If A is generated by wy,wy € C, i.e. A = Zw; & Zws, then
b
E[n] = {%wl + w2 €eC/A:0<a,b<n integers} : (7)

For example, see figure 1. In particular we see that the group E[n] in this case is
indeed isomorphic to (Z/nZ)>.
2.2 (-power torsion and Tate modules

In order to study torsion subgroups, it can be useful to break these up into their
(-power torsion parts, where ¢ ranges over all integer primes. This can be done by
tensoring with the f-adic integers Z,, which is made precise in the following lemma.

Lemma 2.2. Let R be a ring.



(a) Let M be an R-module such that every element of M has finite additive order.
Then we have a decomposition of R-modules

M = @ My, (8)

£ prime
where for each prime €, My is the R ®z Zy-module given by

My:=M @z Zy = M[{>] :={m € M: ("m =0 for some n € Zxy}.

(b) Let N C M be R-modules. Then for any prime £, we have a canonical isomor-
phism of R @ Zy-modules (M/N) @z Zy = (M ®z Z) /(N ®z Zy).

Proof. (a) We start by showing that M ® Z, = M[(>°]. Note that Z, is a flat Z-
module, as it is torsion free. Therefore the exact sequence
0— M[>] - M — M/M[{>*] =0 9)
can be tensored with Z, to obtain the exact sequence
0= M>*] @z Z¢ — M Qg Zy — (M/M[{*>]) @z Z; — 0. (10)

However, M[(>°] already has a natural Z,-module structure, given as follows. Let
a € Z; and m € M[{*] have additive order ¢". Then am := agm where qq is
any integer such that a = ap mod ¢*. This implies that M[(*] ® Z, = M[{*].
Also, as every element of M /M[¢*] has finite additive order coprime to ¢, it follows
that (M/M[(>°]) ®z Z; = 0. This is because for every primitive tensor m ®z a €
(M/M[l>®]) ®z Zy, we have

mMRa=nmen a=00n la=0,

where n is the additive order of m. We conclude that M [(*] = M ® Z,.
Now let My := M ®4 Zy = M[(>]. In order to show that M = @, M,, consider
the R-linear maps

fr @M< — M, 9: M — (M @ Zy).
¢ ¢
(mé)eHZme m— (m® 1),
¢
It is not hard to check that these maps indeed are each other’s inverse.
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(b) Again we use that Z, is a flat Z-module. The exact sequence
0—-N—->M-—M/N—0 (11)
can be tensored with Z, to obtain the exact sequence
0> NR®gpZi— M®&zZy — (M/N)®z Zy — 0. (12)
This gives us the desired result. [

We can apply this to the entire torsion subgroup E*™™. Let R C End(E) be a
commutative subring of the endomorphism ring of F (see section 5). Then E'™ is
an R-module, and we have a decomposition

Etors — H E[foo] (13)

¢ prime

where E[(*°] is the R ®y Z,-module given by all ¢-power torsion points. Except for
the special case where ¢ = char(K) and FE' is supersingular, E[¢*>°] will have infinite
size, and therefore cannot be finitely generated as Z- or Z,-module (all finitely gen-
erated torsion groups are finite). Therefore it can be hard to work with.

However, it is possible to glue the /-power torsion points together in another
way. We can turn the subgroups E[¢"] into an inverse system as follows: for integers
0 < n < m, we have maps E[{™] — E[("] given by P + (™ "P. The Tate module
Ty(F) is defined as the inverse limit of this system, i.e.

Ty(E) == lim E[¢"] (14)

In other words, Ty(E) consists of sequences (P,),>o with each P, € E[¢("] and
P,_1=1(P, for n > 1. In particular we have Py = O.
We define
Vi(E) = Ti(E) @z, Qe (15)

which is the Qg-vector space generated by T,(E). It consists of sequences (P,)nez
with each P, € E[(*] such that P,_; = {P,. In particular there exists some n € Z
such that P, = P,_1 = P, =--- = O.

As inverse limit of subgroups of E[¢*], the Tate module T,(F) inherits the
component-wise R ®z Z,-module structure from E[¢*°]. This extends naturally to
an R ®z Qmodule structure on Vy(E). In particular for ¢ # char(K), as each

10



E[(") = (Z/0"Z)?, we have that T,(FE) is free of rank 2 as Z,-module and thus V;(E)
has dimension 2 as Q,-vector space.

In other words, Ty(FE) is a Z-lattice in V;(E). This allows us to give a description
of E[¢*] similar to the complex torus description E = C/A of elliptic curves over C.

Proposition 2.3. Let E an elliptic curve over a field K, and let R C End(E) be
a commutative subring. Then for any prime £, we have an isomorphism of R ® Z;-
modules

E[™] = Vi(E)/T/(E). (16)

Proof. Consider the map
f:Vi(E) = E®], (Pu)nez— Po.

Both V;(F) and E[¢*] are R® Z,~modules, and it not hard to check that f is R®Z-
linear. Note that ker(f) = {(Pn)nez € Vi(E): Py = O} = T,(F). Furthermore for
P € E[(*] consider any sequence (P, )nez € Vo(E) with Py = P. Then f((P,)nez) =
P, and thus f is surjective. Therefore f induces the required isomorphism. ]

Remark 2.3.1. All of the previous can be easily generalized with R = End(FE), which
is not necessarily commutative, by considering left R-modules. However, for our
purposes this is not necessary.

Remark 2.3.2. In the cyclotomic case we have a similar description. Let gy C K
denote the f-power roots of unity. Then for prime ¢ # char(K) we have a group
isomorphism gy = Qg/Zy.

Example 2.4. If we again consider the case where K = C and thus £ = C/A,
then torsion points of E can be identified with the A-equivalence classes of complex
numbers z € C such that nz € A. Therefore

Etors ~ (A ®Z Q)/A
Applying lemma 2.2 gives us
B[] = (A®z Q) /(A ®z Z).

In particular we have that the Tate module is isomorphic to

1
Ty(E) = lim ZA/A = 1im A/C°A = A @y Z.
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and

Vi(E) = A®z Qy

Remark 2.4.1. As we saw in the previous example, for /-power torsion the Tate
module (-adically plays the role of the lattice A, even in positive characteristic when
we do not have a complex torus description of E. This will play an important role
later on when we look at unramified primes, as we will be able to copy arguments
from the more familiar K = C case to finite fields.

2.3 Division polynomials

How can we calculate the n-torsion subgroup of any given elliptic curve? For this
purpose, let E'/K be given in short Weierstrass form

E:y* =2 +ax+b, (17)
with a,b € K.
We will follow exercise 3.7 from | | and define division polynomials ), €
Zlay, ..., as, z,y] as follows:
2/}1 = 17
ZZ)? = 2%

5 = 3zt + 6ax® + 12bx — a?
s =4y (2° + Baz* + 20b2® — 50”2 — dabx + (—a® — 8b%)) ,

Vong1 = Unpathn® — Yp_1h (n > 2),
Yon = %(wi—ﬂbnﬂ — Ypathi 1) (n > 3).

Furthermore, we define the polynomials

¢n = x¢i - wn—lwn—l-la

1
_ 2_%( 2 Uny2 — ¢n72¢721+1>-

These division polynomials satisfy the following nice properties:

Wn

Proposition 2.5. Let E/K be an elliptic curve. Then

12



(a) Forn > 1, if n odd then 1, € Z[a,b,x] and if n even then ¢, /1s € Z[a,b, x].

(b) For any nonzero point P = (z,y) € E and any integer n > 1, we have

WP — (cbn(P) wn(P) ) ' (18)

(¢) For oddn > 1,
=t [ @-=P), (19)

PeE[n]\{O}

and for even n > 2,

W _ I[I @-xP). (20)

v PEEm\{0}
(d) We have
div(¢y,) = Z P —nO (21)
PcE[n]
Proof. Although | | (among other sources) claims that this can be computed

purely algebraically, I have not found a source in which this is worked out, and
as it is highly computational I have not tried it myself. For elliptic curves with

K = C a proof using elliptic functions is given in | , Ch. 2]. For any field K of
characteristic not equal to 2, one can actually reduce to the case K = C, see | ,
Thm. 9.33]. O

Remark 2.5.1. There are also division polynomials for Weierstrass equations in long
form y%+a1xy +azy = 23+ asx® +ayz +ag, see | , Excercise 3.7], with corrections

[Si15].

The previous proposition shows in particular that the non-zero n-torsion points
are exactly the points P € E such that 1, (P) = 0. This allows us to calculate the
n-torsion points.

Example 2.6. Let £/Q be given by E: 3> = 23 + 1. Then
Yy = 3zt + 120 = 3x(2” + 4)
The roots of 13 are 0, —/(4), —(3/(4), —¢2$/(4). Then
E[3] = {0, (0, 1), (—V/4, £v=3), (=(:3/(4), £V/=3), (=2 ¥/(4), £v/=3)}

13



2.4 Torsion points in the formal group

To an elliptic curve we can associate a formal group law, for which we will recall
some basic facts (see | , IV]). Let E be an elliptic curve given by a Weierstrass
equation y? = 23 + ax + b. After a change of coordinates

) Y

we can use the Weierstrass equation to develop w as a power series w(t) € Z|a, b][[t]].
Reversing the change of variables we can derive Laurent series for x and y,

)=, oyt = - (23)

w(t)’ w(t)
We can then obtain a formal power t3 = F\(ty,t2) € Z[a, b][[t]] series for the addition
of t1,t5 € K according to the group law of E, by using the usual way to compute
the group law in terms of z- and y-coordinates. This power series F'(t1,1s) is called
the formal group law of E. This gives E the structure a formal group, which we will
denote by E.

Now suppose E is defined over a number field K and given by a Weierstrass
equation E: y? = 23 +ax +b with a,b € Ok. Let p be a prime of K with completion
K,. Then one can consider F as an elliptic curve over K, and one can show that the
formal group law F(tq,t) of E converges p-adically for all ¢1,ty € pOg,, where Ok,
is the valuation ring of K. Furthermore the sum t3 = F(t1,t3) € K, actually belongs
to pOg,. This allows us compute the group law of E on {P € E: t(P) € pOk,}
using the power series F'(ty,ts).

Recursively, for n > 0, we can define the multiplication-by-n homomorphisms
[n]z on E as follows:

0](t) =0, [n+1]5(t) = F([nl (1), 1)- (24)

One can show that in the formal group E (pOk,) [n]g: E — E is a isomorphism of
formal groups for all n not divisible by p | , IV.2.3]. This implies that £ (pOk,)
can only contain p-power torsion points. Such torsion points are given by the roots
of the power series [p*];(t).

We end this section by a small lemma regarding the shape of the power series
[p] 5(t), which will be useful to us later on.

14



Lemma 2.7. Let E be an elliptic curve over a field K, let p be a prime, and let
[p]z denote the multiplication-by-p homomorphism belonging to the formal group E.
Then there exists f(t),g(t) € Z[a,bl[[t]] with f(0) = g(0) = 0 and f'(0) = 1, such
that

[Pl (t) = pf(t) + g(t"). (25)
In particular we have
Pla(t) = > _bit' (26)

where by = p and b; € pZla,b] for i not divisible by p.
Proof. See [51109, TV.2.3, IV 4.4]. 0
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3 Division fields of elliptic curves

In this section, we will define division fields and study some of their general prop-
erties. We also recall some theory about primes in Galois extension. For primes
of good reduction, we will use the reduction map to make a classification between
unramified and ramified primes, which we will study more in-depth in later sections.

3.1 Division fields

We start with the definition of division fields.

Definition 3.1. Given an elliptic curve E over a field K, the n-th division field of
E is the minimal field of definition of the n-torsion subgroup Eln|, usually denoted
by K(E[n]).

As mentioned in the introduction, if ' is given by an Weierstrass equation
2 _ 3
y°=z"+ar+0, (27)

then K (F[n]) is obtained by adjoining to K the z- and y- coordinates of all n-torsion
points.

Example 3.2. Let E/K be given by y*> = 23 + ax + b, as in example 2.1. Then we
saw that

E[Q] = {(OZ,O),(B, O)’(Va O)>O}v (28)

where a, 3,7 € K are the roots of 23 + ax + b. In particular we see that K(F[2]) is
the splitting field of 2® + ax + b over K.

Just like cyclotomic extensions, division fields are Galois. Note that we assumed
all our fields to be perfect.

Proposition 3.3. Let E be an elliptic curve over a field K and n > 1 an integer.
Then the n-th division field K(FE|n]) is Galois over K.

Proof. Let G/p = Gal(K/K) denote the absolute Galois group of K (here we use

that K is perfect and thus K = K*P). For any o € Gg/x and any P € E[n|, we
have that no(P) = o(nP) = ¢(0) = O. Therefore we have an action of G/ on
E[n], or equivalently group homomorphism

Pn: Grx — Aut(E[n]). (29)
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We claim that K(E[n]) is the fixed field of ker(p,). Clearly, if o € ker(p,,), then
o fixes all n-torsion points, and therefore their coordinates. As these coordinates
generate the field extension K(E[n])/K we see that o fixes K(FE[n]). Conversely, if
0 € Gg i fixes K(E[n]), then by definition o fixes En].

As ker(p,,) is normal, Galois theory tells us that K(E[n]) is Galois over K with
Galois group isomorphic to G,/ ker(py). O

From the proof of the previous proposition, we see that we have a injective group
homomorphism

Gal(K (E[n))/K) — Aut(En]). (30)

In particular, we can identify Gal(K(E[n])/K) with the image of this homomor-
phism, which we will denote by G,,. For n coprime to char(K), recall that E[n] is
isomorphic to (Z/nZ)?* as abelian group, and thus after choosing a (Z/nZ)-basis for
E[n] we get an isomorphism Aut(E[n]) =2 GLy(Z/nZ). Therefore we can identify G,
as subgroup of GLy(Z/nZ), which is well defined up to conjugacy.

Similar, for any prime ¢, we can consider the action of the absolute Galois group
G,k on the Tate module T;(E)

po: Gy = Auty, (T(E)). (31)

As Auty, (T,(E)) = GLy(Z,), this gives us a 2-dimensional f-adic representation,
which are extensively studied by Serre in | ]-

Now that we have a Galois correspondence, let us look at a couple of subfields of
K(E[n]): the field K(z(E[n])) generated by the x-coordinates of all n-torsion points
and the cyclotomic field K((,).

For n > 3, note that the field K(z(E[n])) is given as the splitting field of the
division polynomial 1, if n odd and ), /1 if n even.

The fact that K((,) is a subfield of K (E[n]) follows from the Weil pairing | ,
I11.8], which is a Galois-invariant pairing

en: E[n] x E[n] — p,. (32)

In particular if P,Q is a (Z/nZ)-basis of E[n], then e,(P, Q) is a primitive root of
unity, for any o € Gz, o(e,(P,Q)) = e,(P, Q)% (@) In particular, if o fixes
K(E[n]), then det(p, (¢)) = 1 and thus o fixes K((,).

Proposition 3.4. Let E be an elliptic curve over a field K and n > 3 an integer
coprime to char(K). After a choice of basis for E[n|, identify Gal(K (FE[n])/K) with

17



a subgroup G, C GLy(Z/nZ). Then we have a Galois correspondence as in the
following diagram:

K(E[n]) {1}
K(z(E[n])) Gn N {£I}
(33)
K(¢) G, N SLy(Z/n7Z)
K Gn

Proof. We start with the subfield K (z(FE[n])), and we have to show that it is the
fixed field of G,, N {£I}. Let P € E[n| and let 0 € G,, N {£I}. Then o(P) = +P
and as z(P) = x(—P) (see | , 111.2.3]) we see that o(z(P)) = x(P). Thus o
fixes x(F[n]) and thus also K(xz(E[n])). Conversely, suppose o € G, fixes x(E[n]).
Let P,@Q be a Z/nZ-basis for E[n]. Then P has exact order n > 3, and thus
P # —P, and z(P) = xz(—P). However, by the Weierstrass equation, there are
at most 2 points with z-coordinate z(P). As x(o(P)) = o(x(P)) = x(P), this
implies that o(P) = £P. The same holds for @) and P + @, i.e. 0(Q) = £ and
o(P+ Q) = £(P + Q). Furthermore, the signs in o(P) = £P and o(Q) = +£Q
are the same. Suppose otherwise, for instance o(P) = P and o(Q)) = —Q. Then
oc(P+Q)=0(P)+0(Q)=P—Q# £(P+ Q). Therefore 0 = +1.

For K((,), this follows from the previously stated fact about the Weil pairing
that implied that o((,) = ¢3°1%) In particular, we have that o € G, fixes K(¢,) if
and only if det(o) = 1. O

It can be useful to be able to split up a division field into a compositum of
prime-power division fields. This is made exact by the following lemma.

Lemma 3.5. Let E be an elliptic curve over a field K and let n > 1 be an integer
with prime decomposition n = ({052 .. . (s, Then K(E(n)) = K(E[(]'],..., E[(e]).

Proof. By lemma 2.2, any n-torsion point P € F[n] can be written as a sum P =
P, +-- -+ P, where each P; € E[(;"] is a {;'-torsion point. As the z- and y-coordinates
of P are K-rational functions of the x- and y-coordinates of the P;, we see that
K(E[n]) C K(E[(7],...,E[tc]). As E[(5'] C Eln], it immediately follows that also
K(E[(7],...,E[ts]) C K(E[n]). O
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Remark 3.5.1. We have to be careful not to overgeneralize the previous lemma
to Galois groups. The usual Chinese remainder theorem decomposition Z/nZ =
ZJOTT X -+ X L)l 7 extends to a decomposition GLo(Z/nZ) = GLo(Z/IT'7Z) %
- x GLy(Z/tsZ). Then it follows that we can identify G, as a subgroup of
Ge‘jl X -+ X Ger, however equality does not necessarily hold.
We can use the techniques we will develop in chapter 6 to find a counterexample
over a finite field. Let E/Fy; be given by 3*> = 23 + 6z + 11. Then after choosing
suitable bases, the Frobenius ¢ € Gal(F;/Fy;) acts as

((1) é) e GLy(2/22), (? é) € GL»(Z/3Z), ((1) (1)) € GLy(Z/6Z)  (34)

on E[2], F[3] and E[6] respectively. In particular this means that ¢ has order 2 in
G5, G3 and Gg. As the Frobenius generates all these Galois groups we see that they
all have order 2 and thus Gg 2 G5 x G3.

3.2 Primes in Galois extensions

We recall some basic facts we need about primes in Galois extensions.

Let L/ K be a Galois extension of number fields with Galois group G = Gal(L/K),
with respective ring of integers O and Og. Let p C Oy be a prime of K above
p € Z. Then for any prime 8 C O of L above p, we can consider the completions
Qp C Ky C Ly. Then Ly/K, is also a Galois extension whose Galois group is the
decomposition group

Gy ={0e€G: 0B =P} (35)

consisting of those elements of G that can be continuously extended with respect
to the P-adic topology. Furthermore consider the residue fields Fy = O /B and
F, = Ok/p. Then reduction modulo ‘B defines a surjective group homomorphism

redq;;: qu — G]Fm/]pp, g — (T — O'(LL’))

Lastly, as the extension Fy/IF, is an extension of finite fields, its Galois group G, r,
is generated by the Frobenius

T F(I; — Fqg, T — q:N(p).

The entire situation can be summarized by the following diagram:
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GL/K D) qu E— GFm/Fp = <7T>

() () O)

B C O C L———— Ly - Fy
] | | | 36)
p C O C¢ K———K,-------- F,
| | | | |
® € Z < Q—— Qe F,

We are mostly interested in how a given prime p of K splits in L. Such a prime
has a decomposition

pOL =P ... By,
where each B; is a prime of L. We call a prime ; unramified in L/K if e; = 1 and
ramified if e; > 1. Similarly we call p unramified in L/K ife; =--- =¢. = 1, and
ramified if e; > 1 for some 7. The next proposition shows that ramification behaves
nicely in Galois extensions.

Proposition 3.6. Let L/ K be a Galois extension of number fields. Let P be a prime
of K and pOr, =P ... B be its decomposition in L.

(a) We have e; = --- = e,.
redsy.
(b) p is unramified (i.e. e; = --- = e, = 1) if and only if the natural map Gy, —,
Gry, /7, 1 injective (i.e. an isomorphism) for some (all) i.
Proof. See | , Ch. §] O

In the case where p is unramified, for any prime 3 of L above p we can pull back
the Frobenius 7 under the isomorphism

I‘edqgi Gm — GFm/Fqs (37)

to a unique element Fy = Fj/xp € Gy C G (which we also call the Frobenius)
characterized by Fy(z) = 2V ®) mod P for all x € O. In particular, Fiy generates
Gq. The Frobenius Fy only depends on the choice of prime P up to conjugacy.
Therefore we define

F, = Fr/kp = {Fp € G:*B prime of L above p}. (38)

as the conjugacy class of the Frobenius of any prime 3 above p.
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Example 3.7. Let n > 1 be an integer, and consider the extension Q((,)/Q. This
is Galois with Galois group G isomorphic to (Z/nZ)*. For every a € (Z/nZ)*, let
0, € G be given by ¢, — (2. Note that Og,) = Z[(,].

For any prime p that does not divide n, the polynomial X™ — 1 is separable
over F,, thus in particular the cyclotomic polynomial ®, € Z[X]| (which is the
minimal polynomial of (,) is separable over I, and thus splits into distinct irreducible
factors @, = f, ... f, € F,[X]. Using Kummer-Dedekind | , Thm. 3.1], we get
corresponding primes B; = (p, fi(¢,)) of Q(¢,) and we have that pZ[(,] = Bi ... B,
In particular we see that these primes are unramified. Then for each prime ;, the
Frobenius Fi, is the unique element decomposition group Gy, C G such that for
every x € Z[(,].

Fyg,(x) =2 mod P,

In particular this implies that Fi,(¢,) = (2 mod B;, and therefore Fiy, = 0,. Then
also F, = o0, (note that G is abelian so every conjugacy class consists of a single
element).

For prime p that divide n, write n = p*m with m not divisible by p. Then we can
write Q((n) = Q(Gpr, Gn). We split up the extension Q((,) into 2 parts: Q((,»)/Q
and Q(Gm, Gpr)/Q(¢pr). By a similar argument as above, the latter extension is
unramified at p. As the ramification is multiplicative for towers of field extensions,
the ramification index of p in Q((,) is then equal to the ramification index of p
in Q((,). Using Kummer-Dedekind, we find that U,x = (X — 1)) e F,[X],
where ¢(p*) = p* — p*~! is the Euler phi function. Therefore PLICr] = ‘BW(pk), with
B = (p,r — 1). In particular, the ramification index of p in Q(¢,)/Q is equal to
ep/p = ().

Our goal will be to do something similar as we in the above example, but then
for primes of good reduction in division fields of elliptic curves.

3.3 Unramified and ramified primes of good reduction

Going back to division fields of elliptic curves, let E be an elliptic curve over a number
field K. A prime p of K is said to have good reduction if there exists a Weierstrass
equation for E with coefficients in O such that when one reduces this Weierstrass
equation modulo p, one obtains an elliptic curve E, over F, (i.e. the reduced curve
has to be non-singular). Such a Weierstrass model is called a minimal model (as the
p-adic valuation of its discriminant is minimal), and for primes p not above 2 or 3 it
can be chosen to be in short Weierstrass form.
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If p is a prime of good reduction then reduction modulo p defines a map red,: E(K) —

E,(F,), by rescaling a point P = (z : y : 2) € E(K) such that z,y,z € Ok and
min(vy(z), vy(y), vp(2)) = 0, and then reducing it to P = (Z : ¥ : Z) € E(F,). How-
ever, for points P € F not defined over K, to define a their reduction P € E, we
first need to choose a prime above p in their field of definition.

Therefore, if we want to define reduction on n-torsion points, we need to first
choose a prime P of K(E[n]) above p. We then have a well defined reduction map
redy: E(K(E[n])) — E(Fg). Note that this map preserves the group law of the
respective curves, i.e. P+ Q = P + (). Therefore reduction sends n-torsion points
to n-torsion points, and we thus get a well defined group homomorphism

redy: En] — Ey[n]. (39)

Proposition 3.8. Let E be an elliptic curve over a number field K, and let p be a
prime of K of good reduction with reduced curve E,. Furthermore, let n > 1 be an
integer and P be a prime of K(E[n]) above p. Then the map redy: En| — E,[n]
is surjective, and its kernel is isomorphic to E[n] = E(POxy)[n], where Oy is the
valuation ring of K(E[n])yp.

Proof. Choose a minimal Weierstrass equation of E with respect to p.

We first show that redy: E[n] — E,[n] is surjective. If n is odd, the z-coordinates
of the n-torsion points of F, are given by the roots of 9, ,. As 1,, = U, and 1,
splits completely in O (gp)))[X], for every torsion point ) € E,[n] there exists some
torsion point P € E[n] such that x(P) = x(Q). By substituting z = x(P) in the
Weierstrass equation we can then show that we can choose P such that y(P) = y(Q).
Then P = Q and thus any n-torsion point is in the image of reduction.

For n even, we can do the same for 1, /1, to show that all n-torsion points that
are not 2-torsion are in the image of the reduction. For the 2-torsion points, one can
solve 1, = 0 for y and substitute this into the Weierstrass equation and then repeat
the same argument.

Now we prove that the kernel is isomorphic to E [n]. Consider E as a curve over
K(FE[n])gp. Then by [ , VIL.2.2], the map ¢ — (x(¢),y(t)) gives an isomorphism
of groups between (‘]3043) and the kernel of redy: E(K(E[n|)y) = Ey(Fy). Then
E[n] is isomorphic to the kernel of redy: E(K(E[n])y)[n] — Ey(Fy)[n]. As all
n-torsion points of E are defined over K(E[n]), we have that E(K(E[n])y)[n] =
E(K (E[n)[n] = Elnl.

]

The previous proposition can be summarized in the following exact sequence:
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? (Z/nZ)? ?

The behavior of the prime p in K(E[n])/K depends on how E[n] distributes over
the groups E[n] and E,[n]. But we already know how the n-torsion subgroup looks
for an elliptic curve in characteristic p. Combined with the fact that E[n] = (Z/nZ)?,

we get the possibilities for E[n] and Ej,[n] as described in table 1.

| Bl | B
n coprime to p 0 (Z/nZ)*
n = p* and E, ordinary Z]p*7 7./ p*7
n = p* and E, supersingular | (Z/p*Z)? 0

Table 1: Possibilities for the group structure of E[n] and E,[n).

For a given n, we can then divide the primes of good reduction into two groups:
primes that do not divide n, and primes that do divide n.

For primes p that do not divide n, we have a bijection redy: E[n] — E,[n]. Using
this bijection, we can show that p is unramified in K (E[n])/K. This will be studied
in part II.

For primes p that do divide n, ramification can occur. We will study the rami-
fication in part IV using Newton polygons. When FE, is supersingular, all p-power
torsion points can be found in the formal group E and we use this to to calculate a
lower bound for the ramification index.
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Part II
Unramified primes: elliptic curves

4 Fractional ideals

The reader is most likely familiar with the concept of fractional ideals for orders in
number fields. In this section we will recall some basic properties and expand upon
these. Furthermore, as we will be dealing with orders in product of number fields or
(-adic fields, we will generalize the notion of fractional ideals.

Our main interest is to understand when proper fractional ideals are invertible,
as this will play a role when we will try to find a representative of the Frobenius
in section 6 and generalize this to abelian varieties in section 8. This leads us to
consider two special type of orders, namely Gorenstein and Bass orders.

Note that we assume all rings to be commutative.

4.1 Fractional ideals in Z-orders

Let Z be a principal ideal domain (think Z = Z or Z = Z,) and let @ be its field
of fractions. We will call the irreducible elements of Z primes, usually denoted by
¢. We will assume algebras to be commutative. A finite-dimensional Q-algebra L
is separable if it is isomorphic to a product L = L; X --- x L,, where each L; is a
separable field extension of Q).

We call a Z-algebra R a Z-order (or just order if Z is clear from context) if it
is free of finite rank as Z-module, and its total ring of fractions L = R ®, @ is a
separable finite-dimensional ()-algebra. Equivalently, if we start with a separable
(Q-algebra L of finite dimension n, then a Z-order in L is a Z-subalgebra R C L that
has finite rank n as Z-module.

Example 4.1. The Gaussian integers Z[i] form a Z-order in the 2-dimensional Q-
algebra Q(7). If we tensor with Zs, we get the Zs-order Z[i] ® Zs in the 2-dimensional
Qs-algebra Q(i) ® Q5. Note that, by Hensel’s lemma, the polynomial X2 +1 € Z[X]
splits in Q5 and denote its solutions by 4i. Then

Q(i) ® Qs = (QIX]/(X* +1)) ® Qs

]
= Qs[X]/(X* +1)
= Q[ X]/(X — i) x Qs[X]/(X +14)
= Q5 x Qs,
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and under this isomorphism of Q(i) ® Q5 = Q5 x Qs, the order Z[i]| ® Z5 corresponds
to Z5 X Z5.

The previous example motivates our generalization to orders in separable finite-
dimensional Q-algebras. In general, given any Z-order R and a prime ¢ of Z, we
can freely tensor it (over Z) with the ¢-adic completion Z, = hm Z /0" Z and always
get a Zp-order Ry = R ®z Z; of the same rank. The fraction field of Z, is given by
Qe = Q®Z,, and the total ring of fractions of Ry is given by Ly = L®z Z; = L®g Q.
We will fix this notation throughout the rest of the section. Furthermore, for each
prime ¢, we will identify L with its image under the canonical embedding into L,.

Definition 4.2. A fractional R-ideal a is an R-submodule of L that is free Z-module
of the same rank as R. Equivalently, a is a finitely generated R-submodule of L such
that a®z Q) = L, or equivalently a is a R-submodule of L such that there exists some
x € L* such that za C R (in particular we can choose x € Z not a zero-divisor).

Given two fractional R-ideals a and b, we have the usual ideal operations a + b
and ab, which are again fractional ideals. Furthermore, we have the fractional ideal
quotient

a:b={x € L:zacC b},

and one can check that this is again a fractional R-ideal. Two special quotients are
given by
a':=R:a={r€L:zaCR},

called the inverse of a, and

r(a):=a:a={r € L:zaCa}.

called the multiplier ring of a, which is an order in L that contains R.
Lastly, for any prime ¢, we can consider the f-adic completion of a. This is
obtained by tensoring a with Z,, denoted by

a = a®y Ly,

and is a fractional R,-ideal.
Next follow a series of lemma regarding ¢-adic completions. The first one says
that every fractional Ry-ideal can be generated by elements of L.

Lemma 4.3. Any fractional Ry-ideal a C L, can be generated as Zy-module by
elements of L, i.e.
a = Zgl’l D---D Zgl’n, (41)

where x1,...,x, € L.
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Proof. Consider ay) = LNa. We claim that this a fractional R,-ideal, where R =
R ®yz Zy) is the localization of R at Z\ (¢). As L = Ry ®z Q and R, = Ry ®z Zy,
we see that both L and R, are R()-modules and thus so is a.

In order to show that ay is free of the correct rank as Z(-module, notice that
as a is a fractional R,-module, there exists some integer n,m > 1 such that ("a C Ry
and (™R, C a. This implies that ("ay) C Ry and (™R C ay). Therefore ag
is indeed free of the same rank as R as Z()-module and thus a( is a fractional
R(g)—ideal.

Let a; = a®zZ;. As a( is generated by elements x4, ..., 2, € L as Zy-module,
ay is generated by these same elements as Z,-module. To complete the proof, we will
show that a = a,. The inclusion a; C a follows from ay) C a. As / lies in the
Jacobson radical of Z,, Nakayama’s lemma | , Prop. 2.8] implies that a, = a if
and only if 7y, ..., T, form a Z/{Z-basis of a/la. Let ay,...,a, € Z such that

a1xy + -+ apx, € La.
Note that this actually lies in L, so we have
a1y + -+ + apT, € Lag).

But the x; form a Z-basis of a() and thus this can only happen if each a; € £Z,.
This completes the proof. ]

Another nice property of ¢-adic completion is that it commutes with the other
fractional ideal operations.

Lemma 4.4. Let a,b be fractional R-ideals, and let { be a prime of Z. Then
(a) (a4b)y = a; + by.
(b) (ab), = asby.
(c) (a:b)y=ua,:by.

Proof. Parts (a) and (b) follow from applying the definitions to primitive tensors.
(c) To prove that (a : b), C ap : by, it is sufficient to prove that for every
primitive tensor z ® y € (a : b), and every primitive tensor b ® z € b, we have that
(r®y)(b® z) C a;. However, (x®@y)(b® z) = 2b® yz, and as x € a : b, we have
b € a. Thus indeed zb ® yz € ay.
Next we show that (a : b), D a, : b, By lemma 4.3, a; : by, can be generated
by elements x1,...,z, € L as Z,-module. Therefore it is sufficient to show that
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each z; € (a : b)y. As z;b, C ay, clearly z;6 C L N a,. This implies that there
exists some a € Z coprime to ¢ such that ax;b C a. Thus az; € a : b and therefore
T, =ar; @a"' € (a:b). O

The next lemma shows that we can actually retrieve a fractional R ideal from
its (-adic localizations. Combined with the previous lemma this shows that we can
compute fractional ideal operations f-adically.

Lemma 4.5. Let a be a fractional R-ideal and for each prime ¢, identify L with its
image under the canonical embedding L — Ly. Then

a:ﬂLﬂag. (42)
¢

Proof. Let a = Zx; ® --- ® Zx,. Then by a similar argument as in the proof of
lemma 4.3, we have L Na; = Zpx1 ® ... Zpyxn. As (), Z) = Z, we see that

ﬂL Nay, = ﬂ(Z(g)x1 b---D Z(g)!)ﬁn) =/r1®---PLx, =a. (43)
Y4 4

]

The main properties of fractional ideals that are we interested in are the following:

Definition 4.6. We call a fractional R-ideal a invertible if aa™!

r(a) = R, and reflexive if (a™1)™! = a.

= R, proper if

Later on we will express torsion subgroups of elliptic curves in terms of fractional
ideals of the endomorphism ring. Our main tool will be the following proposition,
which relates properness, invertibility and ¢-adic localizations.

Proposition 4.7. Let a be a fractional R-ideal. The following are equivalent:
(a) a is proper and reflezive.
(b) a is invertible.

(c) ais locally free of rank 1, i.e. for any prime ideal p C R, the localization ay, is
a free Ry-module of rank 1.

(d) a is (-adically principal, i.e. for any prime ¢ € Z, the fractional R;-ideal
ay = a®gy 4y is principal.
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For its proof we need the following lemma:
Lemma 4.8. Let a be a fractional R-ideal. If a C R, then a™t D R.
Proof of lemma. See [Con, Lem. 3.2(2)]. O

Proof of proposition. (a) = (b) Suppose a is reflexive but not invertible. Then we
have a~'a C R, and therefore (a™*a)™' 2 R by the previous lemma. Let z €
(a7ta)™'\ R. Then za~'a C R and thus za C (a™!)~! = a. Thus a is not proper.
(b) = (c) We follow | , Thm. 2.7]. As a~'a = R, there exist z; € a and
y; € a~ ! such that >_7_, z;y; = 1, with each 2;u; € R. Let p be a prime ideal of R.
As 1 ¢ p, we have that z;y; ¢ p for some i. Then x;y; € R} and for any z € a we

have
v = 1; (m ) € 2:R,. (44)

;Y

Therefore a, = z; RR,.

(¢c) = (d) Let £ be a prime of Z. As / lies in the Jacobson radical of Ry, by
Nakayama’s lemma | , Prop. 2.8] it is sufficient to show that a,/fa, = a/la is
a free of rank 1 as R/¢R-module. Note that R is Noetherian, and thus by | ,
Thm. 7.13] every ideal has a primary decomposition. Let /R = q;...q, be the
primary decomposition of /R, where each q; is a p;-primary ideal for some prime
ideal p; C R. Then the Chinese remainder theorem implies that

R/{IR= R/qy X --- X R/q,, a/ta=a/qad®---®a/q,a. (45)

We claim that each a/g;a is free of rank 1 as R/gq;-module. Note that R/q;, =
R,,/(q:)p, and similarly a/q,a = a,,/(q9:)p,0p,- By assumption we have a,, = R,,,
which extends to the required isomorphism a/q;a = R/q;. Then this implies that
a/la = (R/(R)a for some a € a/la, and by Nakayama’s lemma, any lift of a to a,
generates a, as Ry-module.

(d) = (a) As fore each prime ¢, a, is a principal fractional R-ideal, it is easy
to check that a, is proper and reflexive. Then the properness and reflexiveness of a
follow from lemma’s 4.4 and 4.5, as we have

r(a)=(LNr@.=(\LNr(a) =R =R (46)

and

(ahH) = ﬂL N((a )™, = m LN(a M) ' = m LNa,=a. (47)

¢
O
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4.2 Over-orders and fractional ideal classes

Again, let R be a Z-order. Then as R is finitely generated over Z, every element
of R is integral over Z, i.e. every element of R satisfies some monic polynomial in
Z[X]. Every separable finite-dimensional @Q-algebra L contains a maximal order,
given by all Z-integral elements (elements of L which satisfy monic polynomial with
coefficients in Z). This maximal order is called the ring of integers of L and is
denoted by Op. If we write L = Ly x --- X L, where each L; is a finite separable
field extension of @, then Op = Op, x --- x Op,.

Let R be a Z-order with total ring of fractions L. Then any order S such that
R C S C Oy is called an over-order of R. Note that every over-order S corresponds
to some R-submodule of O /R, however the converse does not necessarily hold. If
Z/aZ is finite for all non-zero a € Z (as is the case for Z = Z or Z = Z;), then
O /R is finite and thus there are only finitely many over-orders of R.

Example 4.9. Consider the order R = Z[a] = Z[X]/(X? — 36). Then L =
Q[X]/(X?* —36) = Q[X]/(X —6)(X +6) =2 Q x Q. If we identify L and R with
their images under this isomorphism, then o = (6, —6), R = {(a,b) € ZxZ: a=b
mod 12} and Op = Z x Z. Therefore we have O /R = 7Z/127Z. The subgroups
of Z/12Z are exactly {Z/nZ: n divides 12}, where each Z/nZ corresponds to an
over-order Z[(6 + «)/n| of R.

Let R be a Z-order. Then we denote the set of fractional R-ideals by Z(R) and
the set of principal fractional R-ideals by P(R). Note that Z(R) is a commutative
monoid, with multiplication given by ideal multiplication and identity R. Also note
that P(R) is a subgroup of Z(R), as it is closed under multiplication. We can define
the ideal class monoid by the monoid quotient

ICM(R) = Z(R)/P(R). (48)

It is easy to check that the fractional ideal properties proper and invertible are
preserved under multiplication by principal ideals. This allows us to define the set
of proper ideal classes

ICP(R) = {proper a € Z(R)}/P(R) (49)
and the class group of invertible ideal classes
Cl(R) = {invertible a € Z(R)}/P(R). (50)

As the name suggest, the class group CI(R) is a group, as it is closed under multi-
plication and every class [a] € CI(R) has an inverse [a~']. However, ICP(R) is not
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necessarily even closed under multiplication and thus we cannot assume any monoid
structure on it.

These are extensively studied in | | in the case Z = 7Z, but most of the result
extend effortlessly to the general Z-order case.

We are mostly interested in the case where Z is already f-adically complete, in
particular when Z = Z,. In this case every invertible ideal is principal by proposition
4.7, and thus the class group is trivial. Then one can calculate ICP(R) using | ,
5.1].

4.3 Gorenstein and Bass orders

As L is a finite-dimensional Q)-algebra, we can view each element of z € L as a
Q-linear operator m,: L — L, given by multiplication-by-z. This allows us to define
the trace Trpq: L — @, defined by Trp o(z) = Tr(m,).

For a fractional R-ideal a, we define its trace dual by

al :=={x € L: Try q(zy) € Z for all y € a}.

One can check that a' is again a fractional R-ideal, and as the name suggests, we
have (af)! = a. If R is monogenic, i.e. of the form R = Z[a] for some a € L with
minimal polynomial f € Z[X], then it is well-known that R = f’(a) "' R (see | ,
Excercise 4.29]).

We will be interested in a special class of Z-orders R, called Gorenstein orders,
which satisfy the following property.

Definition 4.10. An Z-order R is called Gorenstein if every fractional R-ideal a is

reflexive, i.e. (a71)7! = a.

There are couple of equivalent conditions:
Proposition 4.11. Let R be an order. The following are equivalent:

(a) R is Gorenstein, i.e. every fractional R-ideal is reflexive.
(b) Every proper fractional R-ideal is invertible.
(c) R' is invertible.

Proof. See | , 4.2]. O

30



In particular we see that monogenic orders are Gorenstein as Rf = f'(a)™'R is
indeed invertible, and so it the ring of integers ;. Also, note that if R is both
Gorenstein and (-adically complete, then every proper ideal is principal, i.e. ICP(R)
is trivial. We will use this later on.

A even more stronger requirement than Gorenstein, is being Bass.

Definition 4.12. An Z-order R is called Bass if every over-order R C S C Oy is
Gorenstein.

Again, we have equivalent conditions:

Proposition 4.13. Let R be a Z-order, with quotient ring L = R® Q) with mazimal
order O. The following are equivalent:

(a) R is Bass, i.e. every subring S such that R C S C O is Gorenstein.
(b) The R-module O/R is cyclic.

(¢) Every ideal of R can be generated by two elements.

Proof. See | , 2.1]. O

The ring of integers Oy is always Bass, and so are quadratic orders.

In some cases we will need to determine the possible structures of an R-submodule
M C L° that is free of finite rank as Z-module such that M ®, () = L°. In general
this is a very hard problem. However, if R is Bass and /f-adically closed, there is a
very nice description.

Proposition 4.14. Let R be Bass and (-adically closed. Let M C L° be a R-
submodule that is also a Z-lattice in L, i.e. M 1is free of finite rank as Z-module
and M ®7 Q = L¢. Then

M=S5S& -85, (51)

where R C S1 C --- C S. C O are over-orders of R. In particular, Sy = r(M) =
{rel:xM C M}.

Proof. Consequence of | , 7.1 O
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5 Endomorphism rings and complex multiplica-
tion

5.1 Endomorphism ring of an elliptic curve

We recall some basic facts about endomorphisms of elliptic curves which can be found
in | , Ch. II1].

Let E be an elliptic curve over a field K. A map ¢: E — F is called an
endomorphism if it is both a morphism of curves and a homomorphism of groups.
The set of endomorphisms of E defined over K form a ring, denoted by End(F) :=
Endg(E), with addition extended by the addition on E, and multiplication given by
composition. There are three possibilities for the structure of End(E): either it is
isomorphic to Z (i.e. the only endomorphisms are the multiplication-by-n maps), iso-
morphic to an order in imaginary quadratic field, or an order in a quaternion algebra.
The last case can only happen in positive characteristic. When Endg(F) % Z, we
say that E has complex multiplication (CM). For elliptic curves over number fields,
complex multiplication is the exception, while over finite fields all elliptic curves have
complex multiplication (see | , Remark I11.9.4] and | , Remark C.11.3.2]).

Note that in our definition of End(£) we required the endomorphisms to be
defined over K. It is possible that Endz(F) is strictly larger than End(FE), see for
instance example 5.2.

Example 5.1. The main example of endomorphisms are the multiplication-by-n
maps. For any integer n € Z, this map is denoted by

[n]: E— E, P~ nP, (52)
which is always defined over K.

Every endomorphism ¢ € End(£) has a dual endomorphism b € End(E), such
that ¢ o ¢ = ¢ o ¢ = [deg(¢)], which we will write as ¢ = ¢¢ = deg(¢). Every

endomorphism satisfies its characteristic polynomial, given by
Xo = X? —tr(¢) X + deg(¢) € Z[X], (53)

where tr(¢) = ¢ + ®.

Example 5.2. For an example of an endomorphism that is not multiplication by an
integer, let E/Q be the elliptic curve defined by y*> = 23 + 2. Then the map

[i]: E—E, (z,y)v— (—x,iy) (54)

32



is an endomorphism of E defined over Q(7). Note that the notation [¢] is justified, as
[i]* = [-1], and x;;) = X* + 1. As a matter of fact, Endg(F) = Z and Endg(E) =
Z[i).

Example 5.3. For elliptic curves over finite fields, an important endomorphism is
the Frobenius: for an elliptic curve E over a finite field I, the Frobenius is given by

T E—E, (x,y)— (29,y7). (55)
Clearly, 7 is defined over F,. Its characteristic polynomial is
Xr=X?>—aX +q, (56)

where a = tr(m). The curve E is supersingular if and only if p divides a (see |
proof of V.4.1]).

Y

It is easy to check that endomorphisms send n-torsion points to n torsion points.
Therefore E[n] naturally has a left End(F)-module structure (note that End(F) is
not necessarily commutative), given by a ring homomorphism End(F) — End(E[n]).
Similarly for any prime ¢ we get a R-module structure for T,(F), by acting components-
wise. This extends naturally to a End(FE) ® Zs,-module structure on Ty(E), which is
faithful, as the map

End(E) ® Z; — Endg, (Ty(E)) (57)

is injective (see | , 111.7.4)).

We can consider the endomorphism algebra End’(E) = End(F) ® Q. As men-
tioned before, End’(E) is either equal to Q, an imaginary quadratic field, or an
quaternion algebra. Note that for any element ¢ € End’(E), there exists some inte-
ger n > 1 such that ng € End(F). Therefore the following lemma and proposition
allow us give conditions for whether certain elements of End’(E) are endomorphisms.

Remark 5.3.1. Note that End%(E) can be strictly larger than End’(E). However,
all endomorphism of E defined over K that belong to End’(E) are actually defined
over K. This can be easily checked using that if ¢ € End’(E) N End%(E), then
n¢ € End(FE), together with the characterization that ¢ is defined over K if and
only if ¢ commutes with all o € G-

Lemma 5.4. Let E, E', E" be three elliptic curves over an algebraically closed field
K. Let ¢: E — E' and: E — E” be non-zero isogenies, 1 separable with ker(1)) C
ker(¢). Then there exists an unique isogeny 6: E" — E' such that ¢ = 0 o).
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Proof. Using the equivalence of categories between curves and their function fields
(see [ , 11.2.5.]), there is a bijective correspondence between isogenies (up to
isomorphism) from E and elliptic subfields of K := K(F), given by assigning to
an isogeny ¢: £ — E’ the subfield K® := ¢*K(E') C K. Let ¢: E — E' and
Y: E— E" be as in the statement of the lemma. Then the existence of #: " — E’
such that ¢ = 6 o 9 is equivalent to the inclusion of elliptic subfields K¢ ¢ K¥ C K.

For an point P € E, we can consider the translation morphism (of curves)
7,0 B — E given by 7p(Q) = Q@+ P. As v is separable, we have (by | , 111.4.10))
that K¥ is the fixed field of the subgroup

Ty = {1p: P € keryp} C Autg(K).

Since ker(¢)) C ker(¢), it follows that K¢ is also fixed under Tj,. Therefore K® C
K% C K and thus we have an isogeny #: E” — E’ such that ¢ = 6 o 1.

Uniqueness follows immediately from ¢ being non-zero and therefore surjective.

O

Proposition 5.5. Let E be an elliptic curve over a field K with p = char(K) > 0.
Denote its endomorphism ring by R = End(E).

(a) For any integer n coprime to p, and any endomorphism ¢ € End(E), we have
that £¢ € End(E) if and only if E[n] C ker ¢.

(b) For any prime ¢ # p, any integer n > 1, and any endomorphism ¢ € End(FE),
we have that ¢ € End(E) if and only if ¢ maps Ty(E) into ("Ty(E).

Proof. (a) If ¥ = 1¢ € End(E), then for any n-torsion point P € E[n], we have
o(P) = np(P) = ¢(nP) = 0. For the converse, if F[n] C ker(¢), then as n coprime
to p, we have that [n] is separable. Therefore by the previous lemma, there exists
0 € End(E) such that ¢ = nf. Thus § = ¢ € End(E).

(b) If ¥ = 5x¢ € End(E) then ¢ = ("¢ and thus ¢T,(E) = ("YT,(E) C ("T,(E).
For the converse, if ¢T,(E) C ("T,(FE), then ¢E[("| = ¢T,(E)/¢"Ty(E) = 0. Thus
E[("] C ker(¢) and therefore by part (a) we have ¢ € End(E). O

5.2 Complex multiplication over C

Let E be an elliptic curve over C. After a suitable isomorphism we can identify E
as a complex torus C/A. Then the endomorphism ring R := End(F) is equal to the
multiplier ring of A (see | , Ch. V]), i.e.

R={z€C: zA C A} (58)
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We will assume that F has complex multiplication, i.e. R # Z. This implies
that R is an order in an imaginary quadratic field. We can use this to deduce some
results about the structure of such curves.

Proposition 5.6. Let R be an order in an imaginary quadratic field L.

(a) Let E be an elliptic curve over C with complex multiplication by R. Then
E = C/a for some invertible fractional R-ideal a C L.

(b) There is a bijection between the isomorphism classes of elliptic curves over C
with complex multiplication by R and ideal classes in the class group Cl(R).

(¢) The j-invariants of the isomorphism classes of elliptic curves over C with com-
plex multiplication by R form a transitive set of conjugate algebraic integers.

Proof. (a) Write E = C/A for some lattice A C C. Let z € A be non-zero and let
a = 2~ !'A. Note that 1 € a. Furthermore, as A and a are homothetic, we have that
E = C/a and a also has multiplier ring R.

We claim that a is a proper fractional R ideal. Since 1 € a and Ra C a, we see that
R C a. As both R and a are free of rank 2 as Z-modules we have L = R®Q = a® Q.
In particular we see that a C L. We conclude that a is a finitely generated R-
submodule of L with multiplier ring R. Then by definition, a is a proper R-fractional
ideal.

Now we use that R is monogenic and thus Gorenstein, which implies that a is
invertible.

(b) From part (a) we know that any elliptic curve over C with endomorphism
ring R is isomorphic to a complex torus of the form C/a where a is an invertible
fractional R-ideal. Two such curves are isomorphic if and only if the corresponding
fractional ideals are homothetic, which is equivalent to belonging to the same class
in CI(R).

(¢) The proof of this is quite involved. See | | for when R = O, is the maximal
order in L.

O

The last part of this proposition has a couple of useful consequences. First of
all, it implies that any curve over C with complex multiplication can be defined
over some number field. Second of all, it allows us to check whether a curve has
complex multiplication by a given order R. Given an imaginary quadratic order R
of discriminant A, its Hilbert class polynomial is defined as

Hp(X):=HA(X):= ][] (X—-j(a)), (59)
[a]eCI(R)
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which belongs to Z[X] by part (c) of the previous proposition. Note that a given
elliptic curve E over C has complex multiplication by R if and only if Hg(j(E)) = 0.

Furthermore, this polynomial can be computed quite efficiently. We can use the
equivalence between the ideal class group of R and the class group of primitive posi-
tive definite quadratic forms of discriminant A, of which the latter can be computed
quite efficiently (see | , Ch. 1.3]). Under this isomorphism a quadratic form
f = az® + bxy + cy® gets mapped to the fractional ideal a = Z @ Z(—b + v/A) /2a.
Using g-expansion of j, given by

G(T) = ' + 744 + 196884q + 21493760 + .. ., g = e, (60)

we can calculate j(a) = j((=b + v/A)/2a) up to a desired precision. This gives us a
numerical approximation for Hr(X), which only has to be calculated to a precision
where we can round-off to the nearest integer.

5.3 Reducing and lifting endomorphisms

Due to the work of Deuring, we have a theory that links complex multiplication over
finite fields and complex multiplication over C.

Let E be an elliptic curve over a number field K. Furthermore, let p be a prime
of K of good reduction, and let E, denote the reduced curve. Then we get a map

red,: End(E) — End(E,),

which can be defined as follows. For ¢ € End(E), we have that ¢ is defined over over
K and given by a rational map with coefficients in K. After suitably rescaling these
coefficients if necessary, we can reduce this rational map modulo p to get a rational
map ¢ = red,(¢) from Ej to itself. As E, is smooth and ¢ fixes the point at infinity,
we have ¢ € End(E,). One can show that this does not depend on the choice of
rational map.

From the definition it is clear that we have the commutative diagram:

E(K) —— B(K)
Ey(F,) — E(F,)

Using this, one can show that red,: End(£) — End(E,) is an injective ring homo-
morphism.
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Proposition 5.7. Let E be an elliptic curve over a number field K with complex
multiplication by an order R in an imaginary quadratic field L. Let p be a prime of
K above p of good reduction. Then:

(a) The reduction E, is ordinary if and only if p splits in R.

(b) If this is the case, then End(E,) is equal to the smallest over-order of R that
1s maximal at p.

Proof. See | , Ch. 13: Thm. 12]. O

Proposition 5.8 (Deuring’s lifting theorem). Let E be an elliptic curve over a field
k of characteristic p > 0 and let & € End(E) \ Z be an endomorphism. Then there
exists an elliptic curve E over some number field K, an endomorphism & € End(E)
and some prime p of K above p such that E has good reduction at p, such that the

reduced curve Ky, is isomorphic to I and & maps to o under this isomorphism.

Proof. When E is ordinary, see [ , Ch. 13: Thm. 14]. For the supersingular
case, see | ]. O

5.4 Calculating the endomorphism ring

Given an elliptic curve E over a finite field I, our goal will be to express the action
of the Frobenius endomorphism 7= € End(E) on torsion in terms of how = lies in
the subring R = End(E) N Q(¢). In order to apply this, we will need to be able to
determine the ring R.

Lemma 5.9. Let E be an elliptic curve over a finite field F, with Frobenius endo-
morphism m € End(E). Then R = End(F) N Q(7) is mazimal at p, i.e. p does not
divide [OQ(W) . R].

Proof. If E is supersingular, then this follows from | , Ch. 13.2]. If E is
ordinary, then the discriminant of Z[x] is equal to A = a® — 4q, where a = tr(w). As
E ordinary, a is not divisible by p and therefore A is not divisible by p. Thus Z|r]|
is already maximal at p, and as Z[r] C R, so is R. ]

For ordinary elliptic curves, we will follow [ |, using reduction and lifting
combined with Hilbert class polynomials to calculate R.

Proposition 5.10. Let E be an ordinary elliptic curve over a finite field F,, and let
R be an order in an imaginary quadratic field L such that R is mazximal at p. Let
Hp € F,[X] denote the reduction of the Hilbert class polynomial Hr € Z[X| modulo
p. Then R = End(E) if and only if Hr(j(E)) = 0.
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Proof. Let R = End(E) = Z[0]. Then by Deuring’s lifting theorem, we can lift the
pair (E,6) to a pair (E,0), where E is an elliptic curve over a number field K and
e End(E’) such that there exists some prime p of K above p such that E reduces
to £ and 0 reduces to 0. Therefore R C S = End(E). As R is maximal at p by the
previous lemma, so is S, and therefore R = S by proposition 5.7. Thus we have,
Hg(j(E)) = 0, which after reducing modulo p gives Hz(j(E)) = 0.

Conversely, suppose that Hz(j(E))) = 0. Let ay, ..., a, represent the ideal classes
in CI(R). Consider the field K = L(j(a1),...,j(a,)), and let p be a prime of K above
p. Then as Hp splits over Ok [X], we have that Hp splits over the residue field IFy.
In particular, there exists an ¢ such that j(£) is the reduction of j(a;) modulo p.

Consider the curve £ = C/a;, which can be defined over K as j(E) = j(a) € K.
As j(E) is integral, E has potentially good reduction at p (see | , VIL.5.5]). This
means that there exists some field extension K'/K and a prime p’ of K’ above p
such that F has good reduction at p’, and let E’ denote the reduced curve. Then
j(E) = j(E'), and thus E and E’ are isomorphic over F,. Therefore, Endg (E) =
Endg (£'). As ordinary elliptic curves have all their endomorphisms defined over
their base field (combine End)-(E) = End%q (E) = Q(m) with remark 5.3.1), we have

that Endg, (£) = Endg, (£). ﬁowever, by proposition 5.7, Endg, (£') = Endp, (E') is

the smallest over-order of R = End g/ (E) which is maximal at p, which is R itself. [

For ordinary curves, this allows us to calculate the ring R = End(E) N Q(7) =
End(FE) as follows: first we determine the trace of Frobenius a by computing #E(F,),

either by counting points directly or by Schoof’s algorithm | ]. Then apply the
formula (see | , Remark V.2.6])
a=q+1—#E(F,). (61)

Then we have that
Yr=X>—aX+q, A,=d*—4q. (62)

Then for each integer b > 1 dividing [0, : Z[r]] = \/Ar /AL, we compute Hi2a, (7(E))
until we find some b for which it is zero. Then R is the unique order with discrimi-
nant Ap = b?Aj.

Example 5.11. Consider the elliptic curve E: y? = 23 + 22 + 7 over F3. Then by
counting points we find

Xr=X?+2X +13, A, = —48, (63)
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and thus we see that £ is ordinary. The possibilities for R are characterized by
Ap € {—3,-12,—48}. Calculating Ha for A € {—3,—12, —48} and evaluating the
reduction Hx modulo 13 at j(F) = 11, gives us

H_3(X) =X, H_5(11) = 11,
H_15(X) = X — 54000, H_15(11) =0,
H_45(X) = X? — 2835810000X + 6549518250000, H_45(11) = 9.

Therefore we see that Ar = —12, and thus R = Z[37] = Z[/—12].

However, for supersingular elliptic curves, the subring R = End(E) N Q(x) is
not necessarily determined by the j-invariant of E. Suppose we have two elliptic
curves E, E' over F, with j(E) = j(£’) and let 7 € End(E), #’ € End(E’) be the
respective Frobenius endomorphisms. Then E and E’ are isomorphic over some field
extension Fyx of Fy. Therefore we can identify Endg (E) = Endg (£'), and under
this identification 7% = 7’*. However, if 7% = 7% € Z, then it is possible that Q(m)
and Q(n’) are different (possibly isomorphic) quadratic subfields of the quaternion
algebra Endg—(F). Therefore it is possible that the subrings R = End(F)NQ(7) and

q

R = End(E") N Q(7") are not isomorphic.

X AW AR R
X2+ p —4p | —por —4p | Z[™2) or Z[y/—p|
q=1p X2 +2X +2 —4 —4 7]
X2+£3X +3 3 -3 Al
X? + p? —4p? —4 Z[i]
q="7 X?£pX +p° —3p° -3 Z[G3]
X2 £ 22X +p? 0 - Z
X2 +p? —4p* | —por—dp | Z[E] or Z[y =]
q=p>| X2+ cpX +p* (p fo) | pP*(c —4p) | Ag|c—4p | over-order of Z[\/c — 4p]
X2+ 4X +8 16 4 A
X2 £9X +27 97 3 Z(G)

Table 2: Possibilities for R = End(E) N Q(7) when E/F, is supersingular with
Frobenius 7 € End(E), for small powers ¢ = p*.

In table 2, we have determined the possibilities for R for small powers ¢ = pF.

We determined the possible characteristic polynomials x,, using the fact that for
supersingular curves a = tr(m) is divisible by p, combined with the Hasse bound
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la] < 2,/q (see | , V.1.1]). As R is maximal at p by lemma 5.9, in most cases
this limits R to one or two possibilities.

We will finish this chapter with a small lemma for the case y, = X2 4 p* with
k > 1 odd, such that we can completely determine R when g = p or ¢ = p?.

Lemma 5.12. Let p > 3 be a prime, and suppose E is a supersingular elliptic curve
over the finite field ¥, with k > 1 odd. Furthermore, suppose that E is given by a
Weierstrass equation y* = f(x) where f(x) € F,.[z] is monic and separable of degree
3. Also suppose that the Frobenius endomorphism m € End(E) has characteristic

polynomial
Xr = X7 +p* € ZIX]. (64)

Then R = End(E)NQ() is isomorphic to Z[%jp] if p=3 mod 4 and f(x) splits
completely over F. Otherwise, R is isomorphic to Z[\/—p].

Proof. Note that x, = X2+ p* has discriminant A, = —4p*. As R has to be maximal
at p and k is odd, this leaves us with the options: just A = —4p if p # 3 mod 4,
and Arp = —4p or Agp = —p if p=3 mod 4.

In case p =3 mod 4, then we note that Agp = —p if and only if 177” € R. Then
by proposition 5.5, this holds if and only if £[2] C ker(1 —7). In other words, 7 fixes
E[2] and thus E[2] C E(F,). As

E[2] = {0, (a1,0), (a2, 0), (a5, 0)}, (65)

where a1, aa, a3 are the roots of f, we see that E[2] C E(F,) if and only if f splits
completely over IF,. ]
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6 Representative of the Frobenius

In this section we will look at the unramified case for elliptic curves. We will show
that primes p of good reduction are unramified in every extension K (F[n])/K where
n is not divisible by p. After that we will spend the rest of this section giving
a method to find a representative of GLy(Z/nZ)-similarity class of the Frobenius
F, = Fg(gpm)/Kkp, by studying the module structure of endomorphisms on torsion
subgroups.

6.1 Unramified primes of good reduction

If E/K is an elliptic curve over a number field, and p a prime of K of good reduction
with reduced curve E,, then for any integer n > 1 not divisible by p, reduction gives

an isomorphism
redgp

Eln]| — E,[n] (66)
where P is any prime of K (FE[n]) above p.
This isomorphism actually is enough to show that p is unramified in the extension
K(E[n]))/K.

Proposition 6.1. Let E/K be an elliptic curve over a number field and let n > 1 be
an integer. Then any prime p of good reduction that does not divide n is unramified
in the extension K(En])/K.

Proof. Let B be any prime of K(F[n]) above p. By proposition 3.8 and table 1 we
have an isomorphism FEn] redw, E,[n]. This extends naturally to an isomorphism

Aut(FEIn]) red, Aut(E,[n]) and we have the following commutative diagram

Gy —=  Gal(Fy/F,)

| | *

Aut(E[n]) redw, Aut(E,[n])

where we recall that Gy is the decomposition group of Gal(K(E[n])/K) belonging
to B. The commutativity of the diagram follows immediately from the definition of

the top map: for any o € Gy and any x € O (g[)), we have 7(Z) = o(x).

d
However, as the left and bottom maps are injective, the top map Gy SN

Gal(Fy/F,) also has to be injective and thus by proposition 3.6 p is indeed un-
ramified. o
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6.2 Representative of the Frobenius

We continue to use the notation from the previous subsection. As p is unramified in
the extension K (F[n])/K, for any prime B of K (E[n]) above p there is a unique lift
Fyp € Gy of 7 € Gryyr,. Our goal will be to determine the GLy(Z/nZ)-similarity
class of Fy, determined by its action on E[n]. However, by the commutativity
of the diagram (67), this is the same as finding the GLy(Z/nZ)-similarity class of
7 determined by its action on E,[n|. Since 7 actually defines an endomorphism
n: E, — E,, we can assume more structure on it than on Fy (which is not necessarily
an endomorphism). We will use this to our advantage.

Proposition 6.2. Let E be an elliptic curve over a finite field F, with Frobenius
endomorphism m € End(F). Consider the endomorphism subring R = End(F) N
Q(7). Then for any n coprime to q, En| is a free R/nR-module of rank 2/[R: Z].

Proof. This will be a special case of proposition 6.6. O

This proposition allows us to express the action of R = End(E,) N Q(7) (and
thus the action of m) on Ey[n] as the action of R on a integral basis of itself, modulo
n.

Let xr = X? — a, X + N(p) € Z[X] be the characteristic polynomial of 7, with
discriminant A, = ag — 4N(p). First suppose R # Z, then R is an order in an
imaginary quadratic field. Therefore the order R is completely determined by its
discriminant Ay, and has integral basis {1, 6}, where

dp + /A
0= %, with 0, € {0,1} such that §, = A, mod 4. (68)
If we identify m with the root of y, in the upper half-plane, i.e.

o ap + vVAx
=L

then m = (a, — dpby)/2 + by, where b, = [R : Z[r]|] = \/Ar/A,. Then the action of
7 on the integral basis {1,6} is given by

(ay = 8by)/2 By(Dy — 6,)/4
M”‘( b <'1zpiépbf>/2) (70)

(69)

If R =17, then 7 = a,/2 € Z, and therefore if we define b, = A, = 0, the action of ©
is again given by M, but now on the standard basis of Z2.
Assuming proposition 6.2, this shows that
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Proposition 6.3 (Duke-T6th (2002)). Let E be an elliptic curve over a number
field K, and let p be a prime of good reduction. For any integer n not divisible by
p, let G, denote the Galois group of K(E[n])/K embedded into GLy(Z/nZ). Then
the GLo(Z/nZ)-similarity class of the Frobenius Fy, in G, can be represented by the
matriz M, mod n.

The next two subsections will be devoted to proving proposition 6.2. First we
will solve a similar statement for the more familiar case over C, and then we will try
to extend our argument to finite fields.

6.3 Module structure of torsion over C

Let E be an elliptic curve over C with endomorphism ring R = End(F). Then for
any integer n > 1, E[n] has a natural R-module structure, and as nR annihilates
E[n], this extends to an R/nR-module structure. Our goal is to prove that E[n] is
free as R/nR-module.

If E does not have complex multiplication, then R = Z. We already know that
Eln] is free of rank 2 as Z/nZ-module. So what is left to prove is the case where E
does have complex multiplication.

As it does not require much extra effort, we will prove something a bit more
general. For any ideal b C R, we consider the subgroup

Eb] ={P € E: ¢(P) = O for all ¢y € b}. (71)

Using that £ = C/a for some proper fractional R-ideal a C L and example 2.4, we
see that
EF'Y"~(a®@Q)/a=L/a and FE[b] = (a:b)/a, (72)

where (a: b) = {x € L: bz C a} is the usual fractional ideal quotient.

We will show that for any invertible ideal b C R, E[b] is free of rank 1 as R/b-
module. This is a well-known result of CM-theory, see for instance | , 11.1.4] for
the case where R is equal to the ring of integers Op.

Proposition 6.4. Let E be an elliptic curve over C, with complexr multiplication by
an order R in an imaginary quadratic field L, i.e. End(E) = R, and let b C R be
an invertible ideal. Then E[b] is a free R/b-module of rank 1.

Proof. By part (a) of proposition 5.6, we have E = C/a for some invertible fractional
ideal a C L. As b is invertible, we get

E[b] = (a:b)/a=b""a/a. (73)
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We claim that b~'a/a is isomorphic to R/b as R-modules. Since b~'a/a is a
finite R-module, it follows from lemma 2.2 that we can decompose it into its ¢-adic
localizations, i.e.

b-'a/a =P e @ Z)/(a® Z) = P b, ar/ar. (74)

¢

Similarly we get

R/b =D Ri/by. (75)

¢
Therefore it suffices to show that for any prime ¢, we have b[lag/ ap = Ry/by. As
both a and b are invertible fractional R-ideals, by proposition 4.7 both a, and b, are
principal fractional R,-ideals. Thus there exist ay, by € R ® Q such that a, = a,R,
and by = byRy. Therefore the map x — a[lbﬂ defines an R-module isomorphism
from b[lag/ag to Rg/bg. O]

6.4 Module structure of torsion over finite fields

If we want to apply the same argument over C from proposition 6.4 to elliptic curves
over finite fields, we run into two problems. Firstly, we lose the complex torus
description £ = C/A. Secondly, we gain the possibility for End(£) to be an order
in a quaternion algebra.

We will first tackle the second problem. If End(F) is an order in a quaternion
algebra, then it is no longer commutative, and it has rank 4 as Z-module. As E[n] has
rank 2 as Z/nZ-module, it can never be a free End(F)/n End(E)-module. However,
our main interest is the action of the Frobenius w on E[n|, and therefore we can avoid
this problem by always restricting to the commutative subring R = End(E) N Q(7).
This is again either Z or an order in a quadratic imaginary field L.

To solve the first problem, we will look at two possible solutions. The first one
is the direction that Duke and T‘oth take in | |. Using work of Deuring with
respect to reducing and lifting endomorphism, we can lift our curve to a curve over
C with complex multiplication by R. Since we already proved our proposition in this
case and the R-module structure is preserved under reduction, this also proves it in
the finite field case.

The second solution is to repeat the argument locally, using the Tate modules to
replace the lattice. For any prime ¢, we will denote Ry = R®zZy and Ly = Lo Q, =

Ry ®z, Qq.

Proposition 6.5. Let E be a elliptic curve over a finite field F, with Frobenius
endomorphism m € End(FE). Suppose that the subring R = End(E) N Q(w) is an
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order in an imaginary quadratic field L = Q(w). Then for any prime { # p, V,(F)
is a free Ly-module of rank 1. If we fix an isomorphism Vy(E) = L,, then the image
of To(E) under this isomorphism is a proper fractional Ry-ideal.

Proof. Let ¢ # p be a prime. The faithful R,-module structure on T,(F) extends
naturally to a faithful L,-module structure on V,(FE). If V;(FE) is free as L,-module,
then it has to be free of rank 1, as both L, and V;(FE) have Q,-dimension 1.

Note that if x, € 7Z,[X] stays irreducible over Z,, then L, = Q,[X]/(xx) is a
finite extension of Q. In particular, as it is a field, any faithful L,-module is free.

If xo = (X —a)(X —b) € ZX] splits over Z;, then L, = Qu[X]/(xx) =
Q[ X]/(X —a)xQ[X]/(X —b) = Qyx Q. As we already know that V,(E) = Q,®Qy,
we see that Vy(FE) is free as Lyi-module.

Now fix an isomorphism V;(E) = L,. We will identify T;(E) with its image under
this isomorphism. Then by definition, Ty(E) is a fractional R-ideal. To show that
Ty(FE) is proper, suppose ¢ € L, such that ¢T,(E) C T;(E). As ¢ € Ly, there exists
some integer n > 0 such that ("¢ € R,. Now let ¢y € R such that ¢ — ("¢ € ("R,.
Then ("¢T;(E) C ("Ty(E) implies that ¢ Ty(E) C £"Ty(E). Therefore, by proposition
5.5, ¢ = £"0 with § € R. In particular we have § € R, and § — ¢ € R,. We conclude
that ¢ € Ry and thus T;(E) is indeed proper. O

Now that we again have reduced our problem to fractional ideals, we can just
repeat the same argument we used over C.

Proposition 6.6. Let E be an elliptic curve over a finite field F, with Frobenius
endomorphism © € End(F) and let R = End(E) N Q(w). Then for any invertible
ideal b C R with norm N(b) coprime to q, we have that E[b] is a free R/b-module
of rank 2/[R : Z].

Proof. The case R = 7Z is again trivial. Therefore suppose that R is an order in
imaginary quadratic field L.

For any prime ¢, denote Ry = R® Zy. Using lemma 2.2, we have a decomposition
of R-modules E[b] = @, E[b], where each E[b], = E[b] ® Z, = E[b] N E[{*] is an
Ry-module. Therefore it is enough to show that for each prime ¢, E[bl, is a free
R;/b,-module of rank 1.

For ¢ # p, identify E[b], with its image under the R-module isomorphism E[¢*°] &
Vi(E)/T,(E) from proposition 2.3. As V,(E) is a free L,-module of rank 1, we can
identify Vy(E) with L, (non-canonically). Note that then both b, and Ty(E) are
invertible fractional R,-ideals, and we have

E[b], = (Ty(E) : by) /Ty(E) = b, ' Ty(E) /Ty(E). (76)
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However, as by and Ty(FE) are invertible and thus principal (R, Gorenstein and (-
adically complete), we have that b, = bR, and T)(F) = a;R,. Then the map
x + bya, ' defines an Ry-module isomorphism E[b], — R,/by.

For ¢ = p, we claim that E[b], = R,/b, = 0. First we note that b contains an
element ¢ with norm Ng/z(¢) not divisible by p. As there exists ) € R such that
¢ = Npyz(¢), we see that ¢ is a unit in R,. Therefore b, = R, and thus Ry/b, = 0.
Furthermore, as deg(¢) = Ng/z(¢), we see that ¢ does not contain a non-zero ¢-power
torsion point in its kernel. Thus E[b], C E[¢], = E[¢] N E[¢*>°] = 0. O

Proposition 6.2 now follows directly, and thus this concludes our alternative proof
of the proposition by Duke and Toth.

6.5 Some examples

Now that we know how to determine the representative of the Frobenius, let us go
through some examples.

Example 6.7. Consider the elliptic curves over QQ given by
Ei:y=2"+x+1, FEy:y®=2"+3z. (77)

In table 3, we have determined for both curves the representative matrices for all
primes p < 50 of good reduction. This done by calculating the characteristic poly-
nomial of Frobenius 7 of the reduced curve £, and then applying the methods from
section 77 to find the discriminant A, of the ring R, = End(E,) N Q(7). Using this
we can calculate the representative M, from proposition 6.3.

If one studies table 3 for a while, one will start notice that the table for F, is much
more repetitive than the table for £. This is because Fy has complex multiplication,
while E; does not. In particular Fy has CM by Z[i] and therefore by proposition
5.7, it has ordinary reduction whenever p splits in Z[i], and in this case R, = Z[i]
(ie. A, = —4). It is well-known that p splits in Z[i] exactly when p = 1 mod 4.
When p =3 mod 4, we have supersingular reduction and we can use lemma 5.12 to
determine A,. We see that A, = —p when 2+ 3z = z(2? 4 3) splits completely over
[F,. This happens exactly when —3 is a square mod p, or equivalently (by quadratic
reciprocity) when p =1 mod 3. Otherwise, if p = —1 mod 3, then A, = —4p.
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p | Reduction | x, Ay A, a, | b, | M,
3 | Sup. X?2-3X+3 [-3 [=3 [3 |1 [(13H
7 | Sup. X247 —28 | =28 |0 |1 | (Y
11 | Ord. X24+5X+11 | =19 [ =19 | —=5|1 | (F$25)
13 | Ord. X242X +13 | =48 | —12 | 2|2 | (3 29)
17 | Ord. X2 —6X 417 | =32 | =32 |6 |1 |(33®)
19 | Ord. X2 -2X+19 |72 | -8 |2 |3 | (179
23 | Ord. X?+3X+23 | -8 | -8 |-3|1 | (%)
29 | Ord. X2 10X +29| 16 | —16 |10 [1 | (374
31 | Ord. X2 —7X 431 | =75 | =75 |7 |1 |(3°09)
37 | Ord. X2 —4X 437 | —132 | —132 |4 |1 | (373%)
41 | Ord. X2 47X +41 | —115 | —115 | =7 |1 | (*7%)
43 | Ord. X2+9X +43 | -91 | -91 | -9|1 | ("2%)
47 | Sup. X2 447 —188 | =47 |0 |2 | (2
(a) By:y? =3 4+22 -7
p | Reduction | x, A, A, a, | b, | M,
5 | Ord. XZH4X +5 | -4 [—4 |41 [(7D)
7 | Sup. X247 —28 | =7 0 |2 | (F7H
11 | Sup. X2 411 —44 | =44 [0 |1 | (93D
13 | Ord. X?4+6X+13|-16 | —4 | —6|2 | (3>2
17 | Ord. X2 48X 4+17| -4 | -4 |-8|1 E‘f‘ :}13
19 | Sup. X2 419 76 | =19 [0 |2 | (39
23 | Sup. X2 423 —92 | =92 |0 |1 [(9°2)
29 | Ord. X2 —4X +29| 100 | —4 |4 |5 | (27)
31 | Sup. X2 +31 —124 | =31 |0 |2 | (3 9)
37 | Ord. X2 42X +37| 144 | -4 [ =216 | (T29)
41 | Ord. X2 —8X +41|-100 | —4 |8 |5 | (2)
43 | Sup. X2 443 —172 | =43 |0 |2 | (L 2)
47 | Sup. X2 447 188 | =188 |0 |1 | (947

(b) Ey: y? = 2% + 32

Table 3: Calculating a representative M, of the Frobenius for primes p < 50 of good
reduction for the curves F; and E5 over Q.
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Part III
Unramified primes: abelian
varieties

7 Abelian varieties

In this section we will introduce the basic concepts of abelian varieties needed in
order to generalize the results of section 6. We mostly follow | ] and | ]

7.1 Definition and examples

Definition 7.1. An abelian variety A is a projective variety that is also an abelian
group, such that the group operations are morphisms (of varieties).

We will restrict ourselves to a couple classes of examples:

e Elliptic curves are abelian varieties. These all have dimension 1, and every
abelian variety of dimension 1 is an elliptic curve.

e More generally, Jacobians of curves are varieties.
e Finite produts of abelian varieties are again abelian varieties.

Example 7.2. Let K be a field and consider the hyperelliptic curve C: y* = f(z),
with f(z) = 2%+ ag_12¢ 1 + -+ + ay € K|[z] separable of degree d. Then the genus
g of Cisequal to g = (d—1)/2if d odd and g = (d — 2)/2 if d even. The Jacobian
J(C) is defined as the quotient Div°’(C)/P(C), where Div(C) is the set of divisors
of zero degree and P is the set of principal divisors, which is the set of divisors that
can be given by the divisor of some function in the function field of C. Then the
Jacobian J(C) is a abelian variety of dimension g.

An abelian variety A is called simple if it contains no sub-abelian variety B
not equal to 0 or A itself. For example, any elliptic curve is simple. Simpleness
is preserved under isogeny, and any abelian variety A is uniquely isogenous (up to
isogeny) to a product of simple abelian varieties. In other words,

A~ AT X XA (78)

where the A; are abelian varieties uniquely determined up to isogeny.
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7.2 Torsion points

If A is an abelian variety of dimension ¢ over a field K, then we can again consider
the n-torsion subgroup

Aln] ={P € A(K): nP = O}. (79)
When char(K) = 0 or n is coprime to p = char(K) > 0, we have
Aln] = (Z/nZ)%. (80)
If p = char(K') > 0, then there exists 0 < k < g such that for all n > 1,
Alp"] = (Z/p"Z)". (81)
Similarly as in the elliptic curve case, we can define the Tate modules

Ty(A) = lm A["],  Vi(A) = Ty(A) © Q. (82)

which, for ¢ # p, are free or rank 2¢g as Z,-modules resp. Qp-vector spaces. These
Tate modules can again be used to describe ¢-power torsion, using the isomorphism

A[l>] = Vy(A)/Ty(A). (83)

Example 7.3. Let C/K be hyperelliptic curve given by C: y* = f(x), with d =
deg(f) odd. Let J = J(C) denote its Jacobian, which is an abelian variety of
dimension g = (d — 1)/2. Let ay,...,aq € K be the roots of f, and denote D; =
(e, 0) — 0o, where oo is the unique point at infinity. Then by | , 2.1, J[2] is
generated by Dq,..., D41 as Fy-vector space.

7.3 Endomorphisms

Most of results about endomorphisms of elliptic curves hold for abelian varieties as
well, given one replaces 2 by 2¢g here and there. For instance, any isogeny ¢ € End(A)
satisfies a characteristic polynomial x4 of degree 2¢g, and any commutative subring
R of the endomorphism ring End(A) is an order of rank [R : Z] dividing 2g.

However, when A is not simple, one has to be careful as not every non-zero
endomorphism is an isogeny, therefore does not have finite kernel. Luckily we have
a similar proposition as proposition 5.5.

Proposition 7.4. Let A be an abelian variety over a field K with p = char(K) > 0.
Denote its endomorphism ring by R = End(A).
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(a) For any integer n coprime to p, and any endomorphism ¢ € End(A), we have

that ¢ € End(A) if and only if Aln] C ker ¢.
(b) For any prime € # p, any integer n > 1, and any endomorphism ¢ € End(A),
we have that 3¢ € End(A) if and only if ¢ maps T,(A) into ("T,(A).

Proof. Repeat the argument from proposition 5.5, however now instead of using the
lemma one has to show that we can divide out seperable isogenies using group scheme
quotients (see | , Ch. 4]). O
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8 Representative of the Frobenius

In this section we will try to generalize the results from section 6 to abelian varieties
to find a representative of the Frobenius for unramified primes.

Explicitly, if A is an abelian variety of dimension g over a number field K and p
is a prime of K of good reduction, then for any integer n > 1 not divisible by p we
have that p is unramified in the division field K (A[n]). In this case we are interested
in finding a representative for the GLqy(Z/nZ)-similarity class of the Frobenius in
the Galois group G,, = G'k(ajn))/x, When considered under the map

B,: G — Aut(A[n]) 2 GLy, (Z/nZ). (84)

Just as in the elliptic curve case, this is equivalent to finding a representative of the
action of the Frobenius endomorphism 7 € End(A,) of the reduced variety on A,[n].

In the case where E is an elliptic curve over a finite field IF,, we showed that the
action of 7 € End(E) on E[n] for n > 1 coprime to ¢ only depends on how 7 lies in
the ring R = End(F). We proved this by showing that for any prime ¢ coprime to
q, the Tate module Ty(E) can be viewed as a principal R, = R ® Z,-module, which
in particular implied that as R-modules,

Eln] = @ Tu(E)/nTy(E) = @ Ry/nR; = R/nR. (85)

After choosing an integral basis for R and writing multiplication-by-7 acting on this
basis as a matrix M, € GLy(Z), the matrix M, mod n € GLy(Z/nZ) represents the
action of m on R/nR and thus also on E[n], which gives us the desired representative.

Trying to do something similar for abelian varieties runs into a couple of problems.
In the elliptic curve case our ring R was at most quadratic. Therefore it is always
Gorenstein (and even Bass), which means that every proper fractional R ® Z,-ideal
is principal, which is a key argument for our proof. Secondly, the rank of R over Z is
always equal to one of the extremes: the rank is equal to 1 or to 2 = 2¢g. For abelian
varieties more cases show up, which introduce difficulties.

8.1 Frobenius algebra Q|r]

Let A be an abelian variety of dimension g over a finite field IF,. Consider the
Frobenius endomorphism 7 € End(E) with characteristic polynomial x,. € Z[X] of
degree 2g.
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We can then consider the finite-dimensional Q-algebra Q[rn]. Remarkably, this is
always a separable algebra, as we can “ignore” repeated factors in y,, as shown in
the following proposition.

Proposition 8.1. Let A be an abelian variety over a finite F, of dimension g. Let
7 € End(A) denote the Frobenius endomorphism, with characteristic polynomial
Xr = fit... i € Z]X] such that all the f; € Z[X]| are square-free and have no
common factors.

(a) Then Q[r| = Ly x -+ X L, where each L; = Q[X]/(fi)-

(b) Furthermore, for each prime ¢ # p, we have a corresponding decomposition
Vi(A) =Vi @ --- @V, where each V; is free of rank e; as L; ;-module.

Proof. (a) We claim that the minimal polynomial m, of 7 is equal to f; ... f.. Note
that A is isogenous over [F, to a product of simple abelian varieties, i.e. we have an
isogeny

Y: A— B=A]" x--- X A",

where for all i we have that A; is simple with Frobenius 7; and y,, = ffi/ “As

is an isogeny, there exists an isogeny ¥: B — A such that 1) o) = [deg(¢)]a and
Y o1p = [deg(¢)]p. Therefore ¥ induces a ring homomorphism

" —1 o(@ o )
Y': End(A) ® Q — End(B) ® Q, eHdeg(w)w 6o

Note that ¢’ has inverse 1[/ and thus is an isomorphism. As v is defined over I, it
commutes the Frobenius, i.e. Yoms = wgot. Then ¢'(7w4) = wp. Thus the minimal
polynomial of 74 is equal to the minimal polynomial of 7p.

Note that the minimal polynomial of the Frobenius on B is the least common
multiple of the minimal polynomials of Frobenius on A;". However, the minimal
polynomial of Frobenius on A;" is the same as the minimal polynomial on A; which
is equal to f;. Thus m,, = m., =lem(f1,..., f,) = fi... fr.

(b) We generalize the first part of proposition 6.5. As Q[r] = Ly x --- x L,, we
have that Q[n]; = Lig X -+ X Ly 4. As Vy(A) is a faithful Q[r];~module, there is a
corresponding decomposition Vy(A) =V} @ --- @ V, where each V; is a faithful L; -
module. Now fix ¢, and let f; = gi1 ... gis € Zy[X] with each g¢;; € Z,[X] irreducible.
Then L;; = M; X --- x M, where each M; = Q[X]/(gi;) is a field. Again, we get
a corresponding decomposition V; = V;; @ --- @ Vs such that each Vj; is a faithful
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Mj-vector space. Let di; = dimyy, (Vi;). Note that the characteristic polynomial of 7

acting on Vj; is equal to xy,, = gjj” . Then,
Xr = HXVzg = Hgdijv (86)
2 2%

which implies that d;; = e;. Therefore,
ViZzMi&- - &M %“Lffé. (87)
]

Using this decomposition we can try to tackle the problem of determining the
Ry-module structure of Ty(A).

8.2 Characteristic polynomial is square-free

First we will consider the case where the characteristic polynomial y, of the Frobenius
is square-free. Then for any prime ¢ # p, we can apply proposition 8.1 with r = 1,
f1 = xx and e; = 1 to find that V;(A) = Q|[r],. This allows us to obtain a fractional
ideal description for Ty(A).

Proposition 8.2. Let A be an abelian variety of dimension g over a finite field F,
with Frobenius endomorphism m € End(A). Suppose that the characteristic polyno-
mial x. of the Frobenius is square-free, and let R = End(A) N Q[xn]. Let £ # p be a
prime and fix an isomorphism V,(A) = Q[r]e. Then the image of Ty(A) under this
isomorphism is a proper fractional Ry-ideal.

Proof. To prove that Ty(A) is a proper fractional Ry-idea, copy the argument from
proposition 6.5, replacing proposition 5.5 by proposition 7.4. (]

For elliptic curves the next step of the argument would be to so show that every
proper fractional R,-ideal is principal, and then for any invertible ideal b C R, we
have that E[b], = b, 'Ty(E)/T,(E) = R,/b,. However, for abelian varieties, Ry is
not necessarily Gorenstein, so we cannot repeat this argument. However, we can
show that the structure of A[b], depends only the ideal class [T;(X)] € ICP(Ry).
Clearly, if [a] = [Ty(A)], then there exists an a € Q[r], such that aa = Ty(A). In
particular, if we write b, = bRy, then multiplication by ab~! gives an isomorphism
b%Tg(A)/TK(A) = Cl/bga.

This leads to the following proposition:
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Proposition 8.3. Let A be an abelian variety of dimension g over a finite field IF,
with Frobenius endomorphism m € End(A). Suppose that the characteristic polyno-
mial X of the Frobenius is square-free, and let R = End(A)NQ[r]. Let b C R be an
invertible ideal with norm coprime to p, and suppose that a be a fractional R-ideal
such that a, and T;(A) are in the same fractional Ry-ideal class for any prime { di-
viding N (b). Then A[b] = R/a as R-modules. In particular, if R is Gorenstein then
Alb] = R/b.

8.3 Characteristic polynomial is power of square-free

If x, = f¢ € Z|X], where f € Z[X] is square-free and e > 1, then by proposition 8.1
we have that Vy(A) = (Q[r],)¢ for all £ # p. Under this isomorphism we can identify
Ty(A) as an R-submodule of (Q[r],)¢.

In general it is even a hard problem to classify such submodules, however when
R is Bass (-adically, such a classification is given by proposition 4.14. In this case,

Ty (A) =R ® Sy & &S, (88)

where Ry C S; C -+ C Ogq, are over-orders of Ry.
Then for any invertible ideal b with norm coprime to p, we find that A[b], =
Ti(A)/bTy(A) = Re/by @ - - - & Se/bySe. Therefore we get the proposition:

Proposition 8.4. Let A be an abelian variety of dimension g over a finite field F,
with Frobenius endomorphism m € End(A). Suppose that the characteristic polyno-
mial x. of the Frobenius is the power of a square-free polynomial. Let 3 be a set of
primes £ such that R, is Bass.

(a) Then there exists over-orders R C Sy C --- C Se C Og(r) such that for all
primes £ € 3, Ty(A) 2 Ry @ Soy® -+ D Seyp.

(b) Let b C R be an invertible ideal with norm N(b) coprime to p such that all
prime divisors N(B) lie in X. Then A[b] =2 R/b @ S3/6S, @ -+ @ S./bS..

(¢) In particular, if R is maximal of for all primes in X, then T)(A) = RS and for
any b as in part (b) we have A[b] = (R/b)".

8.4 General case

In the general case where x,, = fi'... f¢, where the f; € Z[X] are square-free with no

common factors, and the e; are distinct, we get a decomposition Q[r] = Ly X - -+ X L,
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with L; 2 Q[X]/(f;) and a corresponding decomposition V,(A) = V1 & --- &V, as
per proposition 8.1. It is quite hard to say anything about the structure of T;(A),
even when considered as Ry-submodule of Lile D Lﬁjz.

However, if R, permits a decomposition

Ry=Ry x--- X R,, (89)
with each R; an order in L;,, then we get a corresponding decomposition

where each T} is a R;-submodule of V; = Lffg. We can then try to find the R;-module
structure of each T; using the previous cases.

In particular, using resultants (see | ]), this is possible for the following
primes:

Lemma 8.5. Let ¢ # p be a prime such that ¢ does not divide any of the pairwise
resultants R(f;, f;) withi # j. Then R, = Ry X...R,, where each R; is the projection
of Ry to L.

Proof. Note that ¢ not dividing the resultants R(f;, f;) means that the ideals f;Z,[X]
are all pairwise comaximal. Therefore

(Z[r])e = Lo X1/ (fr - fr) = Zal X]/ (1) X Zel X]/(fr)- (91)

In particular as (Z[r]), C Ry, we see that R, contains all basis vectors v; € L;; X
-++X L, 4. The projection R; of R, to L;, is then given by R; = v; Ry C R,. Therefore
Ry x -+ X R, C Ry. As the other inclusion is trivial, we indeed get the required
decomposition. ]

8.5 An example

Let us now look at an example.

Example 8.6. Consider the hyperelliptic curve C over Q given by C': y? = 2° + 1,
with Jacobian J = J(C). Note that Endg(J) = Z[(5], with

[Gl: T = T, (z,y) = (G2, 9). (92)

Therefore we are in the complex multiplication case (here meaning [Endg (/) : Z] =
2g = 4), and we would like to expect similar results as in the CM case for elliptic
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curves. See table 4 for the characteristic polynomial of the Frobenius = € End(J,)
for primes p < 32 of good reduction. As in the elliptic curves case, we would like to
find a matrix M, such that M, mod n represents the action of 7 on J[n] for all n
coprime to p.

When p =1 mod 5, then p splits completely in Z[(5], and the corresponding re-
duced abelian variety J, is ordinary. In particular, by a reduction of endomorphisms
argument, End(.J,) = Z[(s5]. Therefore for p = 11, x, = x* — 42® + 62 — 442 + 121,
which has discriminant A, = 61952000. As expected, Z[n] is an order in L = Q((3).
Since O = Z[(5], which has discriminant A, = 125, we have [Z[r] : OL] =
VAz/Ap = 704. Similar holds for p = 31, with [Z[r] : Op] = 21824. Using
SageMath, for p = 11 and p = 31 we can calculate the action of 7 on an integral
basis of Z[(5], which gives

—385 —286 —484 —968 —3875 —62062 —42284 —84568
Ao | 968 715 1210 2420 Mo — | 3348 53599 36518 73036
1 —402 —296 —501 —1002 |’ 31 1578 25276 17221 34442
70 52 88 175 —3068 —49126 —33470 —66941

From the table, it appears that when p = 2,3 mod 5, then y, = X* + p%. As
then A, = 2%p° we see that Z[r] is maximal outside 2 and p. Using SageMath
one can calculate that for such primes in table 4, Og(x) = Z|[m, ]%79] and that Z|[r|
is therefore maximal outside p. In particular this means that for any prime ¢ # p,
End(J) ®z Z; = Z[1| ®z Zy = Og(x) @z Z¢, which is maximal in Q(7),, and thus for
any integer n coprime to p, we have J[n| = Z[r|/nZ[r]. Therefore we can take M,
to be the matrix associated with 7 acting on the basis 1, 7, 72, 73, i.e.

000 —p?
100 0

My=1o 10 o0 (93)
001 0

For primes p = 4 mod 5, from the table it appears that y, = (2% + p)?. Then
Z|r] = Z[z]/(x* + p), which is quadratic and therefore Bass, with discriminant —4p.
Then if p #= 3 mod 4, we see that Z[r] has to be maximal and thus we know by
proposition 8.4 that J[n] = (Z[r]/nZ|x])* for all n coprimes to p. Else if p = 3
mod 4, then there are Sy, Sy € {Z[r], Z[*~]} such that J[n] = S;/nS; & Ss/nSs.
However, suppose that S; = Z[HT”] Then 7 fixes the 2 dimensional Fy-subspace of
J[2] corresponding to S;/2S;. However, using example 7.3, one can compute that
the eigenspace corresponding to the eigenvector 1 of 7 on J[2] is spanned by D; =
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p | p modbd | xx factorization y,

3 13 v+ 9 (z* +9)

7|2 zt 449 (z* + 49)

111 ot — 423 + 62 — 442 + 121 (z* — 423 + 622 — 442 + 121)
13 |3 't + 169 (z* +169)

17 12 zt + 289 (z* + 289)

19 | 4 ot + 382% + 361 (2% +19)?

23 |3 z* + 529 (z* + 529)

29 | 4 x* + 58z% + 841 (22 + 29)?

311 ot — 4x3 + 4622 — 1242 + 961 | (z* — 423 + 462% — 1242 + 961)

Table 4: Factorization of the characteristic polynomial x, of the Frobenius 7 €
End(J,) for the reduction .J, for primes p < 32 of good reduction of the Jacobian
J = J(C) of the hyperelliptic curve C/Q: y* = 2° + 1.

(1,0) — 0o, and therefore is one-dimensional. Therefore we see that S; = Sy = Z[n]
and we can take M, to be the matrix associated to the action of 7 on the basis
(]-7 0)7 (7T7 O)a (Oa ]-)7 (07 7T) of Z[TF] b Z[ﬂ-]a Le.

0 —p 0 0
1 0 0 0

M=10 0 0 —p (54)
0 0 1 0
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Part IV
Ramified primes: elliptic curves

9 Newton polygons

In this section we will discuss a technique from p-adic analysis used to study the
p-adic valuation of the roots of a polynomial or power series. We will mostly follow

[ J

9.1 Newton polygons for polynomials

Let K be a finite extension of Q,. Then there is a unique extension of the p-adic
valuation of Q, to K, which we will denote by wv,,.
Given a non-zero polynomial f = ag+a; X +---+a,X" € K[X], we can consider
the set of points
{(i,v,(a;)) € R*: i >0,0a; # 0}. (95)

From this set of points we can construct the Newton polygon of f as the lower convex
hull of this set of points. The lower convex hull is the set of line segments constructed
as follows:

e Start with the smallest index 7 such that a; # 0, which we denote by 1.

e Given 7;_1, let ¢; be the largest index greater than ¢;_; such that a;, # 0 and
the slope of the line segment L; from (i;_1,vp(as,_,)) to (ij,v,(a;;)) is minimal,

l.e.
Vpla;) — vpla;.
i; = argmin b Z)_ .p( 2371). (96)
i>i5_1, =11
a;7#0

Add this line segment L; to the Newton polygon of f.
e Terminate when 4; is the largest index such that a;; = 0.

For examples, see figure 2.
Given each line segment L; in the Newton polygon of f, we consider can consider
its slope s; and length [;, given by

Up<ai3;) - ff}p(a'ij71)

Zj — Zj—l

Sj =

b= =i (97)
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v(a;) va(a;)

151 151

0517 0.5

T T T T T T T T »
1 2 3 4 5 1 3 4 5
0.5 0.5
-11 -11

(a) fi =1+ 222 — 623 + 42° € Qu[X] (b) fo=2— %m+m2+%x4+az5 € Qo[ X]

v (a;) va(0;)
2 24 .

[

[SF )

15 15 ]

14 19 L

051 051

=
N
w
£
o
-
~
w
-
o)

05 ] 0.5 1

(¢) f3 =+ V2% — 22" = Q2(V2)[X] (d) f1=2— 6z + 42 + 25 € Q[ X]

Figure 2: Examples of Newton polygons.

We can deduce the p-adic valuation of the non-zero roots of f from its Newton
polygon.

Proposition 9.1. Let K be a finite extension of Q, and let f =ap+ -+ a, X" €
K[X]. Then the valuation of the non-zero roots of f can be deduced from its Newton
polygon in the following way: for each line segment L; there exists exactly l; (counted
with multiplicity) roots of f in @p with valuation —s;, and all non-zero roots of f
are obtained in this way.

Proof. See | , Thm. 6.5.7]. O

Let L denote the splitting field of f. Then we can use the Newton polygon of f
to determine a lower bound for the ramification index of the extension L/K. Recall
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that the ramification index is given by the index of the value groups, i.e.

er/i = #(vp(L7)/vp(K7)). (98)

Example 9.2. Considering the polynomial f; = 1 + 2% — 623 + 42° € Q,[X] and
let L be its splitting field. The Newton polygon of f; (see figure 2) consists of two
segments with slopes s; = 1/3, s, = 1/2 and lengths [; = 3,1y = 2. Therefore f; has
exactly 3 roots of 2-adic valuation —1/3 and 2 roots of 2-adic valuation —1/2. As
these roots belong to L, we see that $Z C va(L*). As v3(Qo) = Z this implies that
6 divides ey /q,.

9.2 Newton polygons for power series

Again consider the same situation where K is a finite extension of @@, but now let
f=ao+a X +aX*+--- € K[[X]] be a power series. We again consider the set of
points

{(i,v,(a;)) € R*: i >0,0a; # 0}. (99)

We have a similar construction of the Newton polygon of f in this case:

e Start with the smallest index i such that a; # 0, which we denote by .

e Given 7;_1, check if there exists an index ¢ > ¢;_y with a; # 0 such that the
slope of the line segment from (i;_1,vp(as;_,)) to (4,v,(a;)) is minimal.

— If there exist no ¢ > ¢;_1 such that a; # 0, terminate.

— Else, if no minimum is obtained, add a final infinite line segment L; to
the Newton polygon, starting at (i;_1,v,(a;,_,)) with slope equal to the
infimum of all possible slopes, and then terminate.

— If there exists infinitely many ¢ such that the minimum is obtained, add a
final infinite segment L; to the Newton polygon, starting at (i;_1, vp(as,_,))
with slope equal to this minimum, and then terminate.

— If there exist only finitely many ¢ such that the minimum is obtained, let
i; be the largest one and add the corresponding line segment L; to the
Newton polygon.

Remark 9.2.1. Note that if the last segment Ly is infinite but contains no points,
then it is possible that the slopes of the last two segments agree, i.e. sy_1 = sy.

Again, we can something about the valuations of the roots of f.
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Proposition 9.3. Let K be a finite extension of Q, and suppose f = ay + a1 X +
as X? + --- € K[[X]] is a power series that converges on the closed disk {x €
@p: vp(z) > ¢}, and let sy be the largest slope such that the segment Ly is finite
and sy < —c. Then for each slope segment L; with j < N there are exactly l; roots
(counted with multiplicity) of f in @p of valuation —s; and every non-zero root of f

in the closed disk {x € Q,: vy(x) > c} is obtained this way.
Proof. See | , Cor. 6.5.11]. O

Example 9.4. Consider the power series f(X) € Z,[[X]] given by

f(X) :p22X4n +pZX4n+1 + ZX4n+3

n>0 n>0 n>0

= +pX + X34+ X 4 p X+ X7+ p° X8 + ...,

Note that f converges in the closed ball B = {z € Q,: v,(z) > 1}. The Newton
polygon of f is given in figure 3. Then by the previous proposition, f has exactly 3
roots in B, one of valuation 1 and two of valuation 1/2.

vp(@i)

29 L] [
15
14 .

0.5

-0.5 1

14

Figure 3: Newton polygon of the powerseries f(X) = p* 35, oo X*" +p >, o0 X*" T+
D nzo X € Z[[X]].
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10 Lower bound for ramification index

10.1 Newton polygons of division polynomials

Let E be an elliptic over a number field K and p a prime of K of good reduction above
p (we assume p # 2,3 for simplicity). Suppose F is given by a short Weierstrass
equation that is minimal for p,

E:y*=2"+ax+b, (100)

with a,b € Ok.

Let n > 1, and let P be a prime of K(E[p"]) above p. Then we have local fields
Q, C K, C K(E[p"])p. By identifying K(E[p"]) with its image in K(E[p"])y, we
can extend the regular p-adic valuation on Q to K (E[p"]). Explicitly, this is defined
by v,(z) = eq}}pvm(x) for any © € K(E[p")).

Consider the division polynomial ¥,», as defined in section ??. As we assumed
p # 2,3, Ypn is a polynomial in Zla,b,z]. The roots of ¢,» are exactly the z-
coordinates of the p"-torsion points of E, and we can find their valuations using
Newton polygons as described in the previous section.

Example 10.1. Let E; be the elliptic curves over Q be given by E;: y? = 23 + 1.
Then
Vs = 5x'? + 3802° — 24025 — 16002° — 256 (101)

In particular, the Newton polygon of 15 at the prime p = 5 has exactly one segment
with slope s; = % (see figure 77). This means that the corresponding roots have p-
adic valuation —1—12. In particular, by lemma 7?7 we know that these are supersingular

points and that the ramification index of p =5 in Q(F[5])/Q is divisible by 24.

Example 10.2. Let B, be the elliptic curves over Q be given by Ey: 3? = 2° + 2.
Then
Vs = br'? + 62210 — 1052° — 3002° — 1252* — 502* + 1 (102)

In particular, the Newton polygon of 15 at the prime p = 5 has two segments with
slope s; = 0 and sy = % (see figure 77). This means that the corresponding roots
have p-adic valuation 0 and —% respectively. In particular, by lemma 7?7 we know
that the latter correspond to supersingular points and that the ramification index of

p=>51in Q(E[5])/Q is divisible by 4.
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v(a;) vs(a;)

151 151

0517 0.5

0.5 0.5

(a) By:y? =23 41 (b) Ey: y? =23 + 2
Figure 4: Newton polygon of 5 at the prime p = 5.
However, can we say anything about the Newton polygon of 1,» without knowing

its coefficients explicitly? First, in order to simplify our task somewhat, note that
Ypm divides ¥pn for all m < n. Thus consider the primitive p"-th division polynomial

wp",prim = ’l/}pn/wpn—l y (103)
whose roots are exactly the z-coordinates of the primitive p™-torsion points of F.
As there are exactly ¢o(p") := p** — p?"~2 primitive p" torsion points, we see that

deg(Ypn prim) = p2(p")/2-

If the reduced curve FE, is ordinary, then there are exactly p™ supersingular p"-
torsion points. Out of these, p(p") = p™ — p"~! are primitive. This means that
©(p™)/2 of the roots of ¥yn nrim have negative valuation. Using the techniques from
the next subsection applied to ordinary reduction, one can show that all these roots
have the same p-adic valuation 2/¢(p").

Furthermore, depending on whether there exists a primitive p"-torsion point of
E, with z-coordinate equal to zero, there are either p(p™)/2 or 0 roots with positive
valuation. This implies that for ordinary reduction, the Newton polygon has to be
of the form as show in figure 5. Note that in general, the most we can deduce from
this Newton polygon is that ¢(p™) divides the ramification index ey, of B over the
integer prime p. However, we already knew this as K((,) C K(FE[n]).

For supersingular reduction, all p"-torsion points are supersingular, and thus

every root of ©,n nim has negative valuation. This can lead to more interesting
possibilities (see figure 5). However, the nature of the recursion for the division
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polynomials makes it very awkward to prove things. As the kernel of reduction
modulo P is contained in the formal group E(BOk (g, ), it is easier to try to
deduce lower bounds there.

vp(a;)
1 4
. I -
w(p") wa(p™) — 2 (p™) wa(p") t
o
(a) Ordinary reduction
vp(a;)
1 A ]
s ' .
w2(p") — ¢ (p™) w2(p") t

(b) Supersingular reduction

Figure 5: Possible Newton polygon structures for ¥,n prim.

10.2 Newton polygons of multiplication-by-p in formal group

We will generalize the methods of | , 4.7] to determine the p-adic valuation of
p-power torsion points for an elliptic curve £ with supersingular reduction, using the
Newton polygon of the multiplication-by-p power series in the formal group E.

Let E be an elliptic curve with good reduction over a finite extension K of Q,
(we can always reduce the number field case to this by completion). As explained in
section 2.4, the p-power torsion points that are in the kernel of the reduction belong
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to the formal group E (mg ), where mg is the maximal ideal of the valuation ring Ok.
In particular, when E has supersingular reduction, all the p-power torsion belong to
the formal group.

Points that are in the formal group are completely determined by their value at
the uniformizer at infinity ¢t = —z/y. The following lemma relates the valuation of
t(P) and the valuations t(x) and t(y).

Lemma 10.3. Let E be an alliptic curve over a finite extension K of Q,. Then for
any point P € E(mg), we have

vp(2(P)) = =20, (t(P)),  vp(y(P)) = =3up(t(P)). (104)

Proof. Note that as P is in the kernel of reduction, we have v,(z(P)) and v,(y(P))
must be negative. Then using the Weierstrass equation for £ (for simplicity we use
a short Weierstrass equation, however the argument extends to a general Weiestrass
equation)

y(P)* = x(P)* + ax(P) + b, (105)

we find that 2v,(y(P)) = 3v,(x(P)) (see [ , 5.1] for details). This implies that
vp(z(P)) = —2k and v,(y(P)) = —3l<: for some positive integer k. In particular
P

)
vp(t(P)) = vp(x(P)) = vp(y(P)) =
O

We see that in order to study the valuation of a p-power torsion points of curves
with supersingular reduction, it is sufficient to understand the valuation of their
values at the uniformizer t. However, these will occur exactly as roots of the
multiplication-by-p map and thus we can apply our Newton polygon methods again.
First we look at the shape of [p]|4(?).

Lemma 10.4. Let E be an elliptic curve over K a finite extension of Q,, with
supersingular reduction. Let 1 € Qs¢ be the p-adic valuation of the coefficient of tP
in [p]s(t). Then the two possible Newton polygon shapes of [p|z(t) are given as in
figure 6, depending on whether < p/(p+1).

Proof. We copy the argument from | , 4.7). As Elp| = (Z/pZ)?, it is acted on
by (Z/pZ)*, and we can consider the p 4+ 1 orbits of the primitive p-torsion points
under this action. Using

t(aP) = at(P) + higher order terms, (106)

one finds that v,(t(aP)) = v,(t(P)) for any integer a not divisible by p. In particular
the valuations of p-torsion points in a given orbit are all the same. If all orbits have
the same situation, it leads to figure 6 (b).
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Otherwise, there are at least two orbits with different valuations. Then we can
choose P, P, to be a basis for E[p| such that v,(t(P)) < v,(t(F2)). Then any
p-torsion point Q) = aP; + bP,, we have

Q) =t(aP, + bP) = at(Py) + bt(P,) + higher order terms. (107)

If @ is not in the orbit of P, or P, then p divides neither a or b and we have
v,(H(Q)) = min(vy(at(Py)), vy(bt(Ps))) = v,(t(Py)). Therefore we see that all other

orbits have valuation equal to v,(¢(P;)). This leads to figure 6 (a). O
vp(a;) vp(a;)
1 + 1 4
TN .
1
1 i p i 1 P P i
(a) p<p/(p+1) (b) p=p/(p+1)

Figure 6: Possible Newton polygon shapes for [p];(t), where 1 is the p-adic valuation
of the coefficient of 7.

In order to properly classify the valuations of the p-power torsion points, we will
define rational numbers w, ; and integers N, ; as follows. Given a rational number
p > 0, let r be the smallest non-negative integer such that u > 1/(p” +p"~'). Then,
for each integer n > 1, let m,, = min(n,r) and define:

1 .
o p2n — p2n—2’ Nyo = p™" = p™" 7, (r=0),
H 2 2n—2k

Wk = ——5—57, Ny = o(p")p(p , r>1,k<m,,),
S s )
1— pmnillu 2 —

wn,mn = T o\ Nn,mn = (p(p " mn)) (T Z 1)

p(p?n—mn)

These have the following properties.
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vp(a;) vp(a;)

(a) w > pu/(p—1) (b) w <pu/(p—1)

Figure 7: Possible Newton polygon shapes for [p|;(t) — to, where w = v,(t) < 1.

Lemma 10.5. Let n > 1 be an integer and for each 0 < k < m,, let w,; and N,
be as above.

(@) Then wpo < wpy < -+ < Wy, < 1.

(b) For 0 <k < m,, we have

Wn+41,k =

(¢) If n >r, then my,+1 = m,, and we have

W,

2
p2 s Nn+17mn+1 =D Nn,mn'

wn+11mn+l =

(d) If n <r, then my+1 = m, + 1, and we have

L
Wn+1,m, = 5 p; Nn+1,mn = (P2 - p)Nn,mn
n,Mn 1%
Wn+1,mp+1 = Ta Nn—i—l,mn—l—l - pNn,mn
Proof. Straightforward calculation, which we will leave to the reader. ]

Now we can give the valuations of the p-power torsion points in terms of the wy, x,
which in turn are completely determined by pu.
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Proposition 10.6. Let E be an elliptic curve over K a finite extension of Q,, with
supersingular reduction. Let i € Q¢ be the p-adic valuation of the coefficient of tP
in [p|p(t). Let r be the smallest non-negative integer such that u > 1/(p" + p™ 1),
and define the rational numbers wy, , and N, as above. Then for each integer n > 1
and each integer 0 < k < m,, = min(n,r), there are exactly N,y primitive p™-torsion
points P € E[p"] of valuation v,(t(P)) = wy k.

Proof. We use induction on n. To start the induction, suppose n = 1. The primitive
p-torsion points are given by the non-zero roots of [p|z(t). Consider the Newton
polygon of [p]z(t) given in figure 6. If » = 0 and thus u > p/(p + 1), then there
is just one segment of length Ny = p* — 1 and slope —w; o = —1/(p? — 1). Else,
if » > 1 and thus g < p/(p + 1), there is one segment of length N;; = p — 1 of
slope —w; 1 = (1 — p)/(p — 1), and one segment of length N7, = p? — p and slope
—wy g = pu/(p* — p). This proves the case n = 1.

To continue the induction, suppose the proposition holds for some n > 1. Then
the primitive p™*! torsion points are given by the non-zero roots of [p|z(t) — ¢(Q),
where () ranges over the primitive p"-torsion points. Then by the previous lemma,
v(t(Q)) < 1, and thus figure 7 shows the possible shapes of the Newton polygon on
[p]5(t) — t(Q). Therefore we see for each 0 < k < m,:

o If w, < pu/(p—1), then for each primitive p"-torsion point ) with v(¢(Q)) =
wy ), there are p? primitive p"™'-torsion points P of valuation wv,(t(P)) =
Wy 1/ PP

o If w, > pu/(p—1), then for each primitive p"-torsion point @ with v(¢(Q)) =
wy, x; there are p primitive p" ™ -torsion points P of valuation v,(¢t(P)) = (wyx —
) /p and p* — p primitive p"*! torsion points P of valuation v, (t(P)) = p/(p* —

).

Note that, by the previous lemma, we are done if we prove that the latter case
Wy > pp/(p — 1) only happens whenever k = m,, and n < r.

If r =0, then > p/(p+ 1), and thus pu/(p — 1) > p*/(p* — 1) > wpy.

Now suppose © > 1. If k < m,, we have w,x = p/o(p*= %) < pu/(p —1). If
k = m,, then

L—p™ ' pu
Wpom, = > 108
) S0(]9277‘_7n,n) p _ 1 ( )
can be simplified to
L—p™ > p? (109)

which is equivalent to p < 1/(p?"~™n 4 pm»—1).
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Note that p?*~™n 4 p™mn=1 obtains its minimum when m,, = n, i.e.
1 < 1

p2n—mn +pmn—1 — pn + pn—l’

and thus by definition of r, we have n < r. Conversely, if n < r, then m,, = n and

thus by definition of r, we have u > 1/(p" + p™*~') = 1/(p**™ + p™ 1), which we

showed is equivalent to wy, ,, < pp/(p —1). This completes the proof. O

< (110)

This allows us to give bounds for the valuation of primitive p"-torsion in the
supersingular case.

Corollary 10.7. Assume the same situation as the above proposition. Then there
exists a primitive p"-torsion point P € E[p™| with valuation

1
p2n _ pZn—Q’

0 < v(t(P)) <

(111)

with strict inequality if r > 1. Furthermore, all primitive p™-torsion points P € E[p"]
have valuation
1
< —
0<o(t(P)) < pr—
Proof. If r = 0, the corollary is trivial. Therefore suppose r > 1. Then, since
Wno < Wy <+ < Wy, , it is sufficient to show that w, o < 1/(p** — p**~2) and
Wym,, < 1/(p" — pn72)~
In order to prove w, o < 1/(p** —p
and thus

(112)

>=2), note that by assumption p < p/(p+ 1)

1
wo = —— < b = b - (113)

g0<an> (p + 1)g0<p2n) p2n+1 _ an—l p2n _ p2n—2'
For wy, m, < 1/(p™ —p"?), note that by assumption p > 1/(p"+p"~!). Therefore

r—1

p D

1—pmnly<1— — , 114
e A = (114)
and
PP ") > e ") = (") (115)
If we combine these two inequalities we get
1—p™ p 1
Wnom, = < = . 116
e I PRV D TR o)
0
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Reducing the number field case to the local field case, it immediately follows that:

Corollary 10.8. Let E be an elliptic curve over a number field K, let p|p be a prime
of K of supersingular reduction, and let B be a prime of K(E[p™]) above p. Then
the ramification index of P over p is at least

1

p2n _ an—Q’

ep/p = (117)
Furthermore, if P € E[p"] is any primitive p™ torsion point, then any prime p’ of
K (P) above p has ramification index over p of at least

1

- 118
pn _ pn72 ( )

ep/p 2
Remark 10.8.1. This gives theorem 5.1 and a corrected version of theorem 5.4 from
[ |. In particular, theorem 5.4 states that every prime p’ above p in K(P) for
any primitive p”-torsion point P has ramification index over p strictly divisible by
©(p"). However, this is not true, as it is only strictly greater than ¢(p™) (as implied
by the previous corollary), but not necessarily divisible.

The advantage we gained over the division polynomial method is that we only
have to determine the valuation p of the coefficient of #* in the power series [p]z (%),
in order to efficiently compute the valuations v(¢(P)) for all p-power torsion points
P.

Example 10.9. Let e > 1 be an integer, and let 7 = 7'/¢. Consider the elliptic
curve E over the field K = Q(7), given by

Yy =2+ 1z + . (119)

Note that the prime 7 is totally ramified in K, with 70 = (7). Then E has
supersingular reduction at 7, and one can compute (using SageMath for instance)
that the coefficient of ¢” in [7]5(¢) is equal to 3529447, which has 7-adic valuation
p = 1/e. Then r is the smallest non-negative integer such that e < 7" + 7”71, In
particular if we choose e = 10, then » = 2. Then the primitive 49-torsion points have

valuations
1 1 1

Y207 905800 M T 1200 T 140
We can compare this to calculating the division polynomial ¥49 prim, Which has degree
1176 and Newton polygon given by the vertices

(120)

{(0,0), (1029, 1/10), (1155,7/10), (1176, 1)}, (121)
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which indeed gives the corresponding valuations of the x-coordinates

1 1 1

. — (122)
10290 210 70
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