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Abstract

This thesis looks at some of the modern approaches towards the solution of Dio-
phantine equations, and utilizes them to display the nonexistence of perfect powers
occurring in certain types of sequences. In particular we look at the denominator
divisibility sequences (B,,) formed by Mordell elliptic curves Ep: y* = 23+ D. For
the curve-point pair (F_y, P), where E_5: y*> = x*> —2, and P = (3,5) is a nontor-
sion point, we prove that no term B, is a perfect 5* power, and we give the explicit
bound p < 137 for any term in the associated elliptic denominator sequence to be
a perfect power B, = ZF for 1 < n < 113762879. We then look at obtaining upper
bounds on p for the seventy-two rank 1 Mordell curves in the range |D| < 200 to
possess a p' perfect power. This is done by consideration of the finite number of
rational and irrational newforms corresponding to an also finite number of levels
of these newforms: in thirty cases we give a bound via examination of both the
rational and irrational cases, and for the remaining forty-two cases our bound is

merely for the rational case due to computational limitations.
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Chapter 1
Introduction

A divisibility sequence is a sequence (W (n)),ez of integers with the property that
W(m) | W(n) if m | n. The most famous example of a divisibility sequence is the
Fibonacci sequence. These linear recurrence sequences were studied extensively by
Lucas. The modular approach of Sir Andrew Wiles [47, 41] in his celebrated proof
of Fermat’s Last Theorem was utilized by Bugeaud, Mignotte, and Siksek [8] to

show that the only perfect powers in the Fibonacci sequence are 0, 1, 8, and 144.

There are also divisibility sequences satisfying a nonlinear recurrence relation.
These are the elliptic divisibility sequences (EDSs) and the recurrence relation
comes from the recursion formula for elliptic division polynomials associated with

an elliptic curve.

In recent years, as a consequence of this intimate relation between EDSs and
elliptic curves, this form of nonlinear recurrence sequence has been found to be
more amenable to investigation and has had numerous application in fields such
as logic and cryptography.

This thesis shall revisit the modular approach of Wiles for solving Diophantine

equations related to EDSs using a technique inspired by that found in [8]. If we
Ap Cp
B BY

occur naturally as the denominator Bp, up to sign. This relationship was studied

label a point on an elliptic curve P = ), we find in many cases EDSs
extensively in a remarkable monograph of Ward [45]: he showed that every non-
singular EDS has an associated elliptic curve. Much of the theory of Lucas’ linear

recurrence sequences carries over to the EDSs, and we find if the EDS has an asso-
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ciated singular cubic curve then the singular EDS is described by Lucas’ functions.
Just over fifty years later Shipsey [32] used properties of EDSs over finite fields
to study the elliptic curve discrete logarithm problem (ECDLP). She produced an
elegant repeated doubling style algorithm to calculate high order terms in loga-
rithmic time. Swart [39] gave a comprehensive overview of congruences for EDSs,
while expanding on Ward’s equations defining the elliptic curve related to an EDS.
One of the noticeable leaps forward in our understanding of EDSs is found in the
work of Stange [37] in her construction of so called elliptic net polynomials. These
are an extension of the rank 1 division polynomials and have an associated elliptic
net. It is seen that EDSs are in fact rank 1 elliptic nets.

A brief breakdown of the thesis is as follows:

In Chapter 2 we introduce some necessary elliptic curve theory needed for our
later work.

In Chapter 3 we discuss the polynomials related to multiples of points on an
elliptic curve.

In Chapter 4 we discuss elliptic divisibility sequences which obey the same
recurrence relation as the division polynomials, and show how these EDSs are
related to elliptic curves as a consequence. We investigate them over finite fields
[F,, where p is a prime, and find the sequences are = 0 (mod p) at regular intervals
which we call the rank of the sequence r(p). The sequence is also periodic modulo
p, with period some multiple of the rank.

In Chapter 5 the machinery of the modularity of elliptic curves is given in the
form of a ‘black box’. We list the important theorems used in later work, and
introduce the concept of rational and irrational newforms and how they are linked
to elliptic curves. The technique of Ribet’s [30] of level lowering the conductor of
elliptic Frey curves attached to Diophantine equations is shown, as well as how it
can be used in eliminating newforms to show the nonexistence of any purported
solution to a Diophantine equation. The correspondence between elliptic curves
defined over Q and how they ‘arise’ from either rational or irrational newforms is
shown and is central to the theory expanded on in the sequel as to the existence
of p'" powers, where p is some (prime) exponent in the Diophantine equation.

In Chapter 6 we look at the structure of the elliptic denominator and ask when

does the equation Bp = Z/ have a solution, where Z € Z~ and f € Z~;. It turns



out the question we end up asking using the ‘modular method’ is when are there

solutions to the equation
Bp =277 for p =11, or p > 17, where p is prime.

For the Mordell elliptic curve y?> = 2® — 2 we resolve the case of fifth powers
occurring in Theorem 6.3.1, with an application of elementary techniques alongside
the advanced Chabauty’s method. Our result is ultimately gained through use of

the computer algebra system magma [42].

We then investigate the general Mordell curve Ep: y? = 23 + D, where D is
a nonzero integer, and the associated denominator divisibilty sequence (By,p)nez,
with the aim of finding which denominators occur as p** powers for p a prime. To
do so we assume the elliptic denominator of [n]P is a p'" power for some prime p:

B, =27".

n

Then letting the n'® multiple of a nontorsion point P € Ep(Q) be written as

A
P = (25, 5). A CuZa € 2, ged(An, Z,) = ged(C ) = 1,

we obtain the Diophantine equation
C?— A2 =DZ%, (1.0.1)
which has associated to it the Frey curve

Ep,:Y?>=X?—-34,X+2C,. (1.0.2)

In Chapter 7 we give an algorithm for bounding the exponent p in the case
that the Frey curves (1.0.2) constructed in Chapter 6, Subsection 6.4.1 arise from
rational newforms. This algorithm is based on the Chinese Remainder Theorem
and uses a sieve process to gain contradictions through congruences, allowing for
the elimination of newforms, and in so doing to any purported solution to the

Diopantine equation (1.0.1).
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In Chapter 8 we investigate rank 1 Mordell curves Ep: y?> = 2® + D, where
|D| < 200, D # 0. We remove the problem of integral points Q € Ep(Q), where
() is a power integral point for all primes p, since Bg = 17 for all p. This allows
us to (hopefully) eliminate all newforms and gain a upper bound for p.

Finally, in Chapter 9, we end with a look to future work on the existence of
power integral points on curves of rank greater than 1 by utilizing the methods in

this thesis for higher dimension elliptic nets.



Chapter 2

Algebraic Curves

2.1 Affine Varieties

Let K be a field and K an algebraic closure of the ground field K.

2.1.1 Affine n-Space

Definition 2.1.1. Affine n-space (over K) is the set of n-tuples
A" = A"(K) = {(a1,...,a,) 1 a; € K}.
The set of K-rational points of A™ is the set

A"(K)={(ay,...,a,) € A" 1 q; € K}.

If K is a perfect field, then the set of K-rational points of A™ is precisely the
set of points which are fixed by the Galois group Gal(K/K)

A"(K) ={(a,...,a,) € A" : 6(a;) = a; for all 0 € Gal(K/K)}.
Assume x1,...,x, are independent variables over K then a polynomial

feK[.Tl,...,QJn]
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can be viewed as a K-valued function f: A™ — K on A" by evaluating f at the
points in A"
f:(ay,...,a,) — flay,...,a,) € K.

Thus K[x1,...,z,)] is the ring of K-valued functions on A", denoted by K[A"| and
called the coordinate ring of A™.
Example 2.1.2. Let K =R, n = 3. Then the coordinate ring of Euclidean 3-space
R3 is denoted by R[A?] and is the ring of polynomials in three variables, Rz, v, 2]
with respect to x, y, z the coordinate functions on R3.

For each fixed subset S of functions in the coordinate ring K[A"]| there is a
subset of affine space Z(S) which is the set of points in A™ where all the functions

in S are simultaneously zero:
Z(S)={(a1,...,a,) € A" : f(a,...,a,) =0 for all f e S}.

Definition 2.1.3. A subset V' of A" is an affine algebraic set if V = Z(S) for
some S C K[A"]. Then V is called the locus of S in A™.

Definition 2.1.4. A nonempty subset Y of a topological space that cannot be
decomposed into two proper subsets Y7 and Y5 each of which is closed in Y is called

irreducible.

Definition 2.1.5. An affine algebraic variety is an irreducible affine algebraic
subset of A". It is called a curve if n = 2 and the variety is defined by a single

bivariate polynomial.

Definition 2.1.6. Let C'(K) be an affine algebraic curve with equation f(x,y) = 0.
We note a polynomial g(z,y) is the zero function on C'if and only if it is a multiple

of f. This leads us to define the ring of regular functions of C' to be

K[C] = K|z, y]/{f(x,y))-

Its field of fractions K (C') is called the field of rational functions of C'

Ezample 2.1.7. Consider the affine plane curve C: y> = 2® 4 ax + b defined over
a field K. Its function field is the field K(z,y), generated by the transcendental

elements satisfying the algebraic relation.
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Definition 2.1.8. Projective n-space P" (over K) is the set of lines through the

origin in A™*!

P" = P"(K) = {(ag, . ..,a,) € A" : some a; # 0}/ ~,
where we define the equivalence relation ~ by
(20, Tn) ~ (Yos -5 Yn) <= (Zos -, n) = AMYo, - . ., yn) for some A € K*.

A point P = (z¢ : ... : x,) € P" thus represents the equivalence class of the
(n + 1)-tuple (zo,...,x,), and the x;’s are homogeneous or projective coordinates
for P. The set of K-rational points of P™ is the set of lines through the origin in
A" defined over K

P"(K)={(ag:...:ay): (ag,...,a,) € A" (K) is nonzero}.

Definition 2.1.9. A projective variety is an irreducible algebraic set in P™ with
the induced topology, that is, the simultaneous solution set of a set of homogeneous

polynomials in K|xo,...,2,].
Definition 2.1.10. An algebraic curve is a projective variety of dimension one.

Example 2.1.11. The affine plane curve of Example 2.1.7 has the defining polyno-
mial f(z,y) = y* —2°

projective algebraic curve of equation F(x,y,2) = y*z—x

— ax — b in two variables. This can be completed into the
3 —axz? —bz3. The zeros
of this homogeneous polynomial in three variables describes the plane projective

curve C": y?z = 2® + axz® + bz3.

2.1.2 Genus

Curves are classified by a nonnegative integer known as the genus g. Every curve
of genus 0 defined over C is birationally equivalent to the line. Curves of genus 0
defined over QQ are birationally equivalent to the line or a conic. Hence the theory
of curves of genus 0 is fully understood. The next Theorem gives the formula for

the genus of a nonsingular curve C'.
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Theorem 2.1.12. Let a curve C be given by the zero set of some homogeneous
irreducible polynomial f(X,Y,Z) € K[X,Y,Z], where the degeree of f is some

integer d > 1. If C' is nonsingular the genus is given by

(d—2)(d—-1)

-
Proof. See [21, Ch. 8.3]. O
Example 2.1.13. Lines are curves of degree 1 having equations of the form

aX +bY +cZ =0.
Conics are curves of degree 2 having equations of the form
aX?+0XY + Y2 +dXZ+eYZ + fZ2 =0.

Cubics are curves of degree 3 having equations of the form
aX3+bX2Y + e XY? +dY3 +eX?Z+ fXYZ 4+ gY?*Z+hXZ? +iY 22+ 2% = 0.
By the genus formula lines and conics have genus 0, and smooth cubics have genus

1.

2.2 Divisors
We begin with some definitions, and fix some notation.

Definition 2.2.1. Let C be an algebraic curve and P a point on C. Let Mp be
the ideal of K[C] given by

Mp = {f € K[C]: f(P) = 0}.
Note that Mp is a maximal ideal, since there is an isomorphism

K[C]/Mp — K given by f+— f(P).
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Definition 2.2.2. Let C be an algebraic curve and P a point on C'. Let the local
ring of C at P, denoted K[C]p, be the localization of K[C] at Mp. We have,

K[C]lp = {F € K[C]p : F = f/g for some f,g € K[C] with g(P) # 0}.

Definition 2.2.3. Let C be a curve and P € C a nonsingular (or smooth) point.

The (normalised) valuation on K[C]p is given by

ordp: K[C]p — {0,1,2,... } U{co},
ordp(f) =sup{d € Z : f € ME}.

Definition 2.2.4. The divisor group of a curve C, denoted Div(C), is the free

abelian group generated by the points of C'. Thus a divisor is a formal sum

D=3 np(P), npeZ
pPeC

and np = 0 for all but finitely many P € C. The degree of D is

deg(D) = Y _ np.
peC
If we assume C' is smooth, and let f € K(C)* then we can associate to f the

divisor div(f) given by
div(f) = Y ordp(f)(P).

pPeC

2.3 Elliptic Curves

2.3.1 Weierstrass Cubic

An elliptic curve is a nonsingular projective algebraic curve of genus 1 with a
specified basepoint. Elliptic curves can be written as the locus of cubic equations
in the projective plane P? having one point (the basepoint) on the line at infinity;

after scaling X and Y we have the projective Weierstrass equation of the form

Y2Z +a XY Z +asYZ? = X+ aaX?Z + ay X Z* + ag Z°, (2.3.1)
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where ay,...,a¢ € K. To find the point at infinity set Z = 0 in (2.3.1) to find
0 = X3 and so X = 0, with Y being any nonzero number in K. Hence O = (0 :
Y :0) = (0 :1:0)is the only K-rational point on the line at infinity Z = 0.
Moreover O is a nonsingular point of inflection, with the tangent line being the

line at infinity.

Since the behavior at (0 : 1 : 0) is well understood, for ease of notation we
shall let x = X/Z and y = Y/Z to give the nonhomogeneous affine form of the

Weierstrass equation for an elliptic curve
E:y* + awwy + azy = 2° + agx”® + asx + ag, (2.3.2)

although we must always remember the extra point at infinity. If the coefficients
ai,...,ag € K, then E is said to be defined over K, written F/K.

We now define some standard notation needed when simplifying (2.3.2).

If char(K) # 2 we can complete the square in (2.3.2) by setting

aq as
= — —= 2.3.3
n y+237+2 ( )
to give

b b b

2 3 2 9 4 6
=4+ ="+ -+ — 2.3.4
i 4x 2x 1 (2.34)

where the auxiliary quantities b, by, and bg are given by

bQ = a% + 4&2,
by = ajaz + 2ay, (2.3.5)
b6 = CL% + 40,6.

Moreover if the ground field has char(K) # 2, 3 we can complete the cube in
(2.3.4) by setting

b
— £ 2.3.6
E=2+ 45 (2.3.6)
then
. C C
=€ e o
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with the invariants ¢, and cg given by

Cq4 = bg — 24b4,

(2.3.7)
Cg = —bg + 36b2b4 - 216b6

If char(K) # 2 we now set 7 = 1y in (2.3.4) to obtain the Weierstrass equation
E:y* = 42® + byx® + 2byx + bg, (2.3.8)

with bg, b4, b6 as in (235)

Let us also define the quantities

bs = a%aﬁ + dasag — a1azay + agag — ai,
A = —bsbg — 8b3 — 27b% + babybs,
J= CE/A’

provided A # 0. These satisfy the relations

4bg = bybg — b7 and 1728A = ¢ — c2.

Definition 2.3.1. The quantity A is the discriminant of the Weierstrass equation,

and j is the j-invariant of the elliptic curve.

If further char(K) # 2, 3, every elliptic curve over K can be written in the
canonical form
E:y? =2° — 2T,z — 5, (2.3.9)

z—3bs Yy
36 108

on replacing (z,y) in (2.3.8) with ( ), thereby eliminating the z? term,
with ¢4, ¢ as in (2.3.7).

Now even when working with a field of characteristic 0 we should like to reduce
our equation modulo p for various primes, including the primes 2 and 3 for which
our equation is more complicated to deal with. However if we make the assumption

that we are working in a field K of characteristic not equal to 2 or 3 then we may
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assume our elliptic curve has a Weierstrass equation of the form
E:y* =2 +ax +0.

This is known as the short Weierstrass form and has the associated quantities

~ 1728(4a)®

A = —16(4a® + 27b? =
6(4a” + 27b%), A

Proposition 2.3.2. A curve given by a Weierstrass equation is classified as fol-

lows:

(a) It is nonsingular if and only if A # 0.

(b) It has a node if and only if A =0 and cqy # 0.

(c) It has a cusp if and only if A = ¢4 = 0.

Proof. See [35, Ch. III, Prop. 1.4]. ]

We have defined the elliptic curve in terms of a Weierstrass equation, but what
of the uniqueness of this expression? It will be seen in Proposition 2.3.9 that for
a given elliptic curve E, assuming the line at infinity, i.e., the line Z = 0 in P2,
intersects F only at (0 : 1 :0), then the only change of variables fixing (0 : 1 :0)

and giving a Weierstrass form for the equation of £ is

/
r = u’x + 7,

y = udy + sux’ +t,

with u, r, s, t € K, u # 0. The coefficients a; transform as

/
ua; = ap + 2s,

/
u2a2 = ay — sa; + 3r — s,

wdy = as +ra; + 2t, (2.3.10)

u'a), = ag — sasz + 2ray — (t +rs)a; + 3r? — 2st,

ulal = ag +ray +r’ay +r® —tag — t* — rta;.
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The auxiliary quantities b; transform as

u?bl, = by + 12r,
u'bl, = by + rby + 612,

(2.3.11)
uﬁbg = bg + 2rby + 72by + 47“3,
uPbly = bg + 3rbg + 3r2by + 3.
The quantities ¢4, cg, A, and j transform as
U4C£L = (4, UGCIG = Cg, UIQA/ = A7 j/ — j (2312)

For the short Weierstrass form it follows the only permissable change of vari-
ables is

r=u’r, y=uY,

with v € K*; and then
wld =a, O =0, uA =A.
In fact, after tedious calculation, the next Proposition holds.

Proposition 2.3.3. Two elliptic curves are isomorphic (over f() if and only if

they have the same j-invariant.
Proof. See [35, Ch. III, Prop. 1.4]. O

This explains (2.3.12): the j-invariant is an invariant of the isomorphism class
of the curve, and does not depend on the particular Weierstrass equation chosen.

It is also true that for every j € K there exists an E over K with jg = j.

Remark 2.3.4. By Proposition 2.3.3 two elliptic curves E and E’ are isomorphic
over a fixed algebraic closure of K if and only if they have the same j-invariant.
Two elliptic curves with the same j-invariant are called twists, and although iso-

morphic over K they may not necessarily be so over K.

The next Section shows that curves that are isomorphic are also isomorphic as

abstract groups.
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2.3.2 The Group Law

As discussed in [35, Ch. III, Prop. 2.2], there is a binary operation + on an elliptic
curve I that makes E into an abelian group. We take the point at infinity to be
the identity of the group. The set of points E(K') forms a subgroup of E. We give

the relevant propositions, equations, and algorithms describing this group law.

Proposition 2.3.5. Let E be an elliptic curve given by a Weierstrass equation,
and let P, Q € E, and L be the line joining them (this will be a tangent line if
P =Q) and R be the third point of intersection of L with E. Let L' be the vertical
line joining R and O. Then P+ Q is the third point of intersection that L' makes

with E. These compositions have the following properties:

(a) If a line L intersects E at three (not necessarily distinct) points P, Q, and R,
then

(P+Q)+R=0.
(b) P+O =P forall P E.
(c) P+Q=Q+P forall P, Q € E.

(d) For each P € E there exists a point —P such that
P+ (—-P)=0.
(e) Let P, Q, R E. Then
(P+Q)+R=P+(Q+R).
(f) If E is defined over a field K the set of points
E(K)={(z,y) € K*: y* + ayvy + asy = ° + apx® + ayx + ag} U {O}

forms a subgroup of E.

Proof. See [35, Ch. III, Prop. 2.2]. O
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Remark 2.3.6. The only real difficulty in proving the set of points in £ forms an

abelian group is the property of associativity.

Definition 2.3.7. We define the multiplication-by-m map [m]: E — E by

P+.---4+ P form>0,
—_—

(m terms)
[m|P=q—-P..-—P form <0,
—_————

(m terms)

O for m = 0.

We sometimes denote [m]P by just mP.

2.3.3 Group Law Algorithm

We now derive explicit formulas for the group operations on F. Let
F(z,y) = y* + aizy + asy — 2° — apx® — agr — ag.

If we let Py = (xo,%0) € E, then to find — Py we look at the line through P, and
O:
L:xz—2y=0.

Now consider the quadratic
F(zo,y) = y* + (a1m9 + as)y — (2 + axaf + aszo + ae),

which will have two roots yy and y, and factor as

F(zo,y) = c(y — %) (¥ — %),

and comparing coefficients of y? and y we see ¢ = 1 and y), = —yo — a1z — az.
Hence
— Py = (w0, —yo — a120 — ag). (2.3.13)

Let P, = (z1,41) and P, = (x9,y2) be two points on E. If x; = x5 and y, =

—1y1 — a1 — a3 then we have just shown P, + P, = O. So assume otherwise. Then
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if P, # P, there exists a chord through P; and P, or if P, = P, a tangent line, of
the form
L:y= e+

Looking at the cubic equation F'(z, Az + v) = 0, which has three roots z1, =3, z3,

we have that P; = (r3,ys3) is the third point of intersection with L such that
P+ P+ P;=0;
now our cubic can be written
F(x,\x +v) = c(x —x1)(x — x2)(z — 3)
and comparing coefficients of 2® and 2% we see ¢ = 1 and the sum of roots is
T+ Ty + 23 = N2+ a )\ — as.

Therefore P; = ()\2 + a A — ag — x1 — T2, Ars + ). Now consider the negation of
Ps: Py + P, = —P3, which we label as —P3 = (2, y5). We find after using (2.3.13)

that
Ilfé :)\2—|—CL1>\—CL2—Il—l’2,

(2.3.14)
ys = —(AN+a1)r3s — v — as,
where \ and v are given by
V2= U if T %x%
_ ) T2~

A= 373 + 2a971 + ag — a1y (2.3.15)

if T, = Ta,

2y1 + a1x1 +as
Y1T2 — Yoy if 21 % T,

_ To — T1
V= —x%—l—a4x1+2a6—a3y1 o (2.3.16)
1 = Za.

2y1 + a1 + as

From this we can deduce: The addition formula for points P, = (x1,11), P =
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(ZEQ,?JQ), with P1 7£ :|:P2 is

_ 2 _
(P + Py) = (H) + aq Cz — ii) — Q9 — T1 — Xo. (2.3.17)

The duplication formula for P = (z,y) is

IE4 — b4l‘2 — 26633 — bg

= ) 2.3.18
4$3 + bgl‘2 + 2[)41’ + b(; ( )

([21P)

Example 2.3.8. Let E be the elliptic curve given by
E:y? =2° - 36.

Given P = (—3,9) on E what is 2P? By (2.3.14) the gradient of the tangent to
P is given by A = (3-(—3)*> —36)/2-9 = —1/2. Hence

1\? 25

vy =N —m—m = (—3) ~ (-3 - (-3 =,
1 25 1 35
==y 59— (—5) (8 =-2

So 2P = (§ —&).

4078

The next Proposition shows that every elliptic curve can be written as a plane
cubic, and conversely, every smooth Weierstrass plane cubic curve is an elliptic
curve. It also shows how an elliptic curve E has essentially a unique Weierstrass

equation, up to a change of variables.
Proposition 2.3.9. Let E/K be an elliptic curve.

(a) There exist functions x, y € K(E) such that the map
¢p: E—P? o= (v:y:1),
gives an isomorphism from E /K onto a curve with Weierstrass equation
C:Y?+ a1 XY +azY = X° + a4 X? + as X + ag

with ay, ... a6 € K; and such that $(O) = (0 : 1 :0). (The functions x, y
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are called Weierstrass coordinate functions on E.)

(b) A Weierstrass equation for E is unique up to a linear change of variables

T(r,s,t,u) given by
X =u*X"4+r, Y=Y +su*X +t (2.3.19)
with u, r, s, t € K, u # 0.

(c) Conversely, any smooth cubic curve given by a Weierstrass equation as in (a)

is an elliptic curve defined over K with basepoint O = (0:1:0).
Proof. See [35, Ch. III, Prop. 3.1]. ]

Corollary 2.3.10. Let E/K be an elliptic curve with Weierstrass coordinate func-

tions x and y. Then
K(E)=K(z,y) and [K(F):K(x)]=2.
Proof. See [35, Ch. III, Cor. 3.1.1]. O

Remark 2.3.11. We call such a transformation in Proposition 2.3.9 (b) an admiss-
able change of variables as given in (2.3.19). An admissable change of variables is

termed unthomothetic if u = 1.

2.4 Singular Weierstrass Equations

2.4.1 Singular Points

If a cubic curve f(x,y) has discriminant A # 0, then this curve is nonsingular and
describes an elliptic curve. If however f(x,y) has discriminant A = 0 then it is
singular and contains a singular point Q = (zg,ys) where the partial derivatives
% and %5 both vanish at ). Hence for a point to be singular on a cubic curve
given by f(x,y) = v* + ayzy + azy — x° — axx? — ayx — ag = 0 it must vanish at

both its partial differentials with respect to x and y respectively:
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0

a{;(:rs, Ys) = ays — 3re — 2asx5 — ag = 0,

af (2-4'1)
@(xs’ Ys) = 2ys + axs + az = 0.

In particular, if f(z,y) = y*> — g(z) then (zg,ys) is singular if and only if xg is
a double or triple root of g.

Since a cubic can only have one double or triple root, f may only have one
singular point. Suppose that a given Weierstrass equation has discriminant A = 0,
then Proposition 2.3.2 tells us that it has a singular point. In fact if we discard
the singular point the set of nonsingular points form an abelian group. We note a

singular cubic curve will then have genus 0.

Definition 2.4.1. Let E be a (possibly singular) curve given by a Weierstrass
equation. We denote the nonsingular part of E by E.g, that is the nonsingular

points of E. If E' is defined over a field K we denote the set of nonsingular points
of E(K) by Ens(K).

Let E be a singular curve defined over a field K, i.e., F is given by a singular
Weierstrass equation. Let the singular point be Q = (xg,ys) € E(K). After the
change of variables x — 2’ + zg, y — ¥ + ys, we can assume that the Weierstrass

equation for F is
E:y’+amay—ax®—a*=0;  aja €K, (2.4.2)

with singular point @ = (0,0).

Let

2

y2 + a1y — asx” = (y — aqx) (y — anw),

where «aq, g are in K or in a quadratic extension of K. Then @ is a node if
a1 # ag, and a cusp if a; = ae.
The next result states that E,s(K) form a group, and determines the structure

of this group.

Theorem 2.4.2. Let E/K be a singular cubic curve with singular point Q = (0,0).
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(a) If Q is a cusp, then there is one tangent line at Q). Then the map v: E,(K) —
K™ defined by

’7:0’_)07 ’y(x,y)>—>x/(y—a1$)
is a group isomorphism.
(b) If Q is a node with ay, as € K, then the map py: Ens(K) — K* defined by

p: O =1, e (z,y) = (y — aw)/(y — aqz)

is a group isomorphism. In this case the slopes of the tangent lines to the

node are in K and we say E has split multiplicative reduction.

(c) If Q is a node with ay, ag & K, then K; = K(aq, ag) s a quadratic extension
of K. We have by part (b): E.(K) C Ens(Ky) = Ky. Let L = {t € K7 :
N, k(t) = 1} be the subgroup of K consisting of elements of norm 1. Then
the map ps: Eu(K) — L defined by

po: O 1, pa: (z,y) = (y — o) /(y — agx)

is a group isomorphism. In this case the slopes of the tangent lines to the
node are not in K, but in Ky, and we say E has nonsplit multiplicative

reduction.

Proof. See [5, Thm. 8.1]. O

2.5 Torsion Points

Definition 2.5.1. Let E/K be an elliptic curve and let P # O be a point in
E(K). The duplication formula (2.3.18) can then generate a sequence of points
where [k]P = (zy,yx) is the k™" multiple of P, for some k € Z. If [n]P = O for
some n € Z, then we say P is a torsion point of order n. If there is no such n then

we say P has infinite order and is a nontorsion point.
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If we include the point at infinity this then imbues the set of torsion points

with a group structure, with O acting as the identity.

Definition 2.5.2. The m-torsion subgroup of E, denoted by E[m], is the set of

points of order dividing m in F,
Elm]={P € E: [m]P = O}.
The torsion subgroup of F, denoted by E\s, is the set of points of finite order,

Eiors = U E[m].

m>1
For E/K we have E(K )5 denotes the torsion points in F(K).

Theorem 2.5.3 (Lutz—Nagell). Let E be an elliptic curve defined over Q given

by the nonhomogeneous affine form of the Weierstrass equation
E:y? + a1xy + asy = 2° + aox® + asx + ag

where aq, .. .,ag € 2.
(a) [fal =0 and ZfP = (,ZE(P),y(P)) € E(Q)tors; then :E(P)? y(P) € Z.
(b) For any ay, if P = (x(P),y(P)) € E(Q)sos, then 4x(P), 8y(P) € Z.

(c) If ay = a3 = ay =0, so that E is given by
2 _ .3
y-=z°+ar+b, (2.5.1)

and if P = (z(P),y(P)) € E(Q)tors, then either y(P) =0 (and P has order
2) or else y(P) # 0 and y(P)? | d, where d = —4a® —27b? is the discriminant
of the cubic polynomial (2.5.1).

The Lutz—Nagell Theorem 2.5.3 can be used to explicitly compute the torsion
subgroup of curves defined over Q. To find it put the curve in the form of (2.5.1)
with a, b € Z, and consider y € Z such that y* | A, then check if (x,y) is an

integer solution of (2.5.1). Since there can only be finitely many such solutions
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then we gain a bound on |F(Q)ios|, say equal to n. Now for each integer solution
(x,y), on raising it to powers up to the bound we may effectively check if it is a
torsion point.

Example 2.5.4. Consider the point P = (2, 3) on the elliptic curve E: y? = 2% + 1.
We have that [2]P = (0,1), [3]P = (—1,0), [4]P = (0,-1), [5]P = (2,—-3), and
[6]P = O. Hence P is a torsion point of order 6 on E. Thus P has order 6, [2]P
has order 3, [3] P has order 2, [4] P has order 3, [5] P has order 6, and [6] P has order
1. Geometrically we note [5] P is the reflection of P in the z-axis, as is [4] P of [2] P,
and so these points are inverse to each other: [5]P+ P = O and [4]P + [2]P = O.

Example 2.5.5. Let E be the elliptic curve given by

E:y*=2° - 36z
=x(z +6)(x — 6).

By the factorisation and part (¢) of Theorem 2.5.3 we immediately see the points
of order 2 on E are given by P, = (0,0), P, = (—6,0), P; = (6,0). Using the
addition formula we find P, + P, = (6,0), P, + P; = (—6,0), P,+ P; = (0,0), and
that [2]P; = O for i = 1, 2, 3. We have {O, Py, P, P3} is the full 2-torsion group

and is isomorphic to the Klein-4 group.
EQ)2]=7Z/2x17Z)2.

In 1978 Mazur gave the following Theorem categorizing the type of possible

torsion groups.

Theorem 2.5.6 (Mazur [26]). The only possible torsion groups for elliptic curves
over Q are the cyclic groups of order 1, 2,3,4,5,6,7,8,9, 10, 12 and Z/2x Z/2n
form=1, 2,3, 4.

Ezample 2.5.7. The largest group Z/2 x Z/8 occurs for the curve:
E:y* 4 xy = 2° — 1070z + 7812,

aka. Y2 = X(X —64)(4X — 175).
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2.6 Integral and Rational Points on Curves

Throughout this Section K will denote a number field. We are primarily con-
cerned with the case when K = Q, but it is best to highlight the results in their
full generality with K a number field, although we shall avoid the technicalities
involved and rely on references to cover the assured complexities of the results. An
important result of Siegel’s was his 1929 proof that for a smooth algebraic curve
C/K of genus g at least one, there are only finitely many points P € C(K) that
have their coordinates in the ring of integers R of the number field K.

In fact he proved more than this using the idea of S-integers. For our purposes

we shall only need the concept of S-integers in the field Q.

Definition 2.6.1. Let K = Q, and let S = {p1,...,p,} be a finite set of rational
primes. The rational integers a/b, a, b € Z, where gcd(a,b) = 1 and the prime
divisors of b (possibly empty) belong to the set S form the so called S-integers Zg.
Clearly Zg is a subring of @, and has Z% as the group of multiplicatively invertible
elements of Zg, the so called S-units. These S-units will be +1 and any rational
numbers having a prime factorisation with all prime elements coming from S. We

may specialise to one prime p, in which case a p-integer means {p}-integer.

Siegel proved his Theorem on the finiteness of S-integers in the more sophis-
ticated setting of number fields K. Here we give a brief explanation: let S be a
finite set of nonequivalent normalised valuations of K containing the set S, of
all Archimedean valuations. A nonzero element a € K is called S-integral, re-
spectively an S-unit, if for every valuation v ¢ S we have v(a) < 1, respectively
v(a) = 1; for further details see [27, Chap. 3, Subsec. 3.3].

Theorem 2.6.2 (Siegel). Let f(z) € K[z| be a polynomial of degree d > 3 with
distinct roots in K. Let R be the ring of integers of K. Then the equation

has only finitely many solutions in S-integers x, y € Rg.

Proof. See [35, Ch. IX, Thm. 4.3]. O
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Corollary 2.6.3. Let C/K be a smooth curve of genus g > 1 and let f be a
nonconstant function in the function field K(C). Then there are only finitely
many points P € C(K) such that f(P) € Rg.

Proof. See [35, Ch. IX, Cor. 4.3.1]. O

If we take the coordinate functions z(P) and y(P), Siegel’s Theorem implies

that a curve of genus > 1 has only finitely many integral points.

Fxample 2.6.4. An elliptic curve defined over Q can have only finitely many integral

points.

We now look at rational points on a curve, and how a finite set of these generate
the whole set.

Theorem 2.6.5 (Mordell-Weil). Let E be an elliptic curve defined over a number
field K. Then E(K) is a finitely generated abelian group.

Proof. See [35, Ch. VIII, Thm. 6.7]. O

Remark 2.6.6. Mordell proved this first for elliptic curves. Later Weil showed the

same holds for higher dimensional abelian varieties.

The next Theorem superseded Siegel’s, and was originally conjectured by Mordell
in 1922 for the specific case of the field Q. The eventual proof, extended to any
number field K, by Faltings in 1983 was one of the triumphs of twentieth century

mathematics.

Theorem 2.6.7 (Faltings [20]). Let C' be a curve defined over a number field K.
If C has a genus g > 1, then there are only finitely many K -rational points.

By the Mordell-Weil Theorem E(Q) is a finitely generated abelian group, and
as such it can be written as the direct sum of its torsion subgroup F(Q)ios and a

torsion free subgroup Z"

E(Q) = E(Q)tors EB ZT;
where E(Q)iors is finite, and r is a nonnegative integer called the rank.

Remark 2.6.8. The group E(K) is finite if and only if the rank is zero.
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2.7 Isogenies

For an elliptic curve F/K we have seen that the group of points F(K) form a
finitely generated abelian group. The next definition concerns the maps between

the group structures formed by elliptic curves.

Definition 2.7.1. An isogeny is a morphism of algebraic groups that is surjective

and has a finite kernel.

Let E and E’ be two elliptic curves defined over a field K. An isogeny ¢
between them is a surjective morphism ¢: E — E’ which preserves basepoints
(i.e., ¢ maps the identity point on F to that on E’). If the kernel is cyclic then
the isogeny is termed cyclic, otherwise it is termed noncyclic.

Any nonsingular rational map between elliptic curves that maps the basepoint

from one to the other is a homomorphism, and thus an isogeny.

Definition 2.7.2. We define the degree d of ¢ to be the degree of the extension
K(E)/¢"K(E"),
deg(¢) == [K(E) : ¢"K(E')],

where ¢*: K(E') — K(F) is the associated injection of function fields. We
say the isogeny is separable (inseparable, purely inseparable), if the extension
K(E)/¢*K(E") is also.

If two curves have an isogeny ¢ of degree d between them, then we say ¢ is a
d-isogeny, and the curves are d-isogenous. The degree is essentially the degree of
the rational functions involved.

An equivalent definition of degree is that it is equal to the order, d say, of the

finite kernel of an isogeny ¢, which is then again termed a d-isogeny.

Definition 2.7.3. Given an isogeny ¢: E — E’ of elliptic curves of degree d, the
dual isogeny is an isogeny ¢: E' — E of the same degree such that ¢ o ¢ = d].
Here [d] denotes the multiplication-by-d isogeny P + [d]P which has degree d.

We summarize the main properties of the dual isogeny:

(a) deg(¢) = deg(¢) = d.
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Vélu [44] has shown how to find an isogeny ¢: E — E’ via explicit fomulze,

given the kernel of the isogeny. In his formula he makes use of coordinates of

a point P = (z1,y1) of order d on the curve and its multiples [k]P = (z, yx),

1< k<d.

Theorem 2.7.4 (Vélu [44]). Let E/K be an elliptic curve given by a Weierstrass

equation

E:y* + arxy + asy = 2° + asx® 4+ aux + ag.

Let F be a subgroup of E(K) of finite order p, where p is a prime, which we want

to be the kernel of the isogeny. Now since if P € F' then —P € F' also, we may
partition the set of points in F\Fy U{O} as two sets R, —R, say, where Fy is the
set of points of order 2 in F'. Put S = F» U R and for each T = (x7,yr) € S set

X
T
y
ar

ur = 4z + box + 2bgz7 + b,

Vr =

gr = 3x2T + 2asx7 + a4 — ayr,

= —2yr — a1 T — as,

if T' € Iy,

622 + boxy + by if T &€ F,

V= Z ur,
TeS

w = Z (UT + xTUT)-
TeS
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Given the above quantities there exists an elliptic curve
E':y? + a1x'y + asy’ = 2" + a2 + (ag — 50)2" + (ag — byv — Tw)

with an isogeny ¢: B — E' given by

o v ur
$_$+Z<x—xT+( >,

TeS r = ar)?
2y 4+ a1 + ag a(x —zr)+y—yr @y — Q:Jﬁ,g:yf>
/
y =y — Uup——------" 40 +
5 (s e T

which has kernel F'.

Example 2.7.5. Consider the elliptic curves £’ and F defined over Q given by
E':y? = 2" + 54,

and
E:y?=2%-2.

We have the the nontorsion points P’ = (3,9) on E’, and P = (3,5) on E; hence
the group of rational points for each curve is given by E'(Q) = ((3,9)), and
E(Q) = ((3,5)) respectively.

The 3 division polynomials (see Chapter 3) evaluated at P’ and P factor as
U3(P') = U3(P) = 32" + 648z = 3x(z + 6)(z* — 62 + 36),

which indicate there exists a 3-isogeny between E’ and FE, which we see from
Cremona’s tables [13]. For isogenies of prime degree p we can use Vélu's formulae

to explicitly find the points mapped under an isogeny.

By Vélu the rational map in the z’-coordinate is

216

= X=1+ )
J:/2

216

= = 3%, and this gives the curve

Substituting ' = 3 into the map gives 3 — 3 +
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X
32

Y

y? = 23 — 2- 3%, On making the change of variables z = 33 we have

and y =

, 2216 o' 24
TEr=nt e T gt

We do similar for the rational map for ¢’ to give the rational map

I

34216 a3y — 432
ol (T )

T2 3

which is the desired 3-isogeny mapping the generator P’ to P.

2.8 Minimal Weierstrass Equations

In this Section we use the following notation:
K alocal field, complete with respect to a discrete valuation v;
R ={z € K : v(z) > 0}, the ring of integers of K.

Let E/K be an elliptic curve with Weierstrass equation
E:y* + aywy + asy = 2° + as7” + asx + ag. (2.8.1)

Since the map (z,y) — (u2x,u3y) takes each a; to u'a;, for suitable choice
of u we can find a Weierstrass equation with all coefficients a; € R. Then the
discriminant A satisfies v(A) > 0; and since v is discrete we can look for an

equation with v(A) as small as possible.

Definition 2.8.1. Let £/K be an elliptic curve. If v(A) is minimized subject to
the condition that all the a; € R then the Weierstrass equation (2.8.1) is termed a
minimal Weierstrass equation for E at v, and v(A) is termed the valuation of the

minimal discriminant of E at v.

Let E be an elliptic curve defined over Q. If all the a; € Z in (2.3.2) then E
is said to be integral or defined over Z. By applying the change of coordinates
7(0,0,0,u) from part (b) of Proposition 2.3.9 for some suitable u, any Weierstrass
model can be transformed to an integral model; all invariants, except possibly 7,

are then integral. If |A| is minimal the model is called a global minimal model
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for . The discriminant A, for a global minimal model is termed the minimal
discriminant and is uniquely determined by E. Every F/Q has a minimal model,
which is not unique, with isomorphisms between minimal models having v = 41,

and r, s, t € Z.

To look at it another way any global minimal model for F/Q is a minimal
Weierstrass equation for E at p, for any prime p (where we have the embedding
Q — Q,, p — p). Then for any finite place p of Q we can obtain a generalized
Weierstrass equation, integral at p, with a discriminant of minimal p-adic valua-
tion. Since Q has class number 1 we can glue together these local equations to
obtain a global integral generalized Weierstrass equation with (unique) discrimi-

nant A, having minimal p-adic valuation at all primes p.

2.9 Reduction of the Weierstrass Equation Mod-
ulo p

In this Section our elliptic curves will be defined over Q.

In order to understand the rational points on an elliptic curve E/Q, we con-
sider it reduced modulo a prime number p. At certain primes the reduced curve
becomes singular and so fails to be an elliptic curve. This occurs exactly when the

characteristic is a prime factor of the discriminant A, of a minimal model of E.

Fix a prime p. Let E denote the reduction of the Weierstrass equation modulo

E:y® + aqzy + sy = 2° + doa® + Gz + de.
Hence we obtain a reduction map

E(Q) — E(F,)

N (2.9.1)
P— P

The nonsingular points of E(F,) form a group, denoted Ey(F,). We define two
subsets of E(Q):
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Ey(Q) ={P € E(Q): P € En(F,)},

o (2.9.2)
E£(Q)={P € EQ):P=0}

So Ey(Q) is the set of points of nonsingular reduction, and E1(Q) is the kernel of
the reduction map.

If we reduce an elliptic curve defined over Q modulo a prime p that doesn’t
divide the minimal discriminant we obtain an elliptic curve defined over a finite
field E/F, = E. In this case E has good reduction at p with E remaining an
elliptic curve for the good primes that do not divide the discriminant.

However if p | A (F), then E has bad reduction at p. At these bad primes, E
is singular and so fails to be an elliptic curve. Removing the singular point again
gives a set of nonsingular points which form an abelian group.

With the notation above we have

Theorem 2.9.1. There is a short exact sequence of abelian groups

0— E1(Q) = Ey(Q) = En(F,) — 0. (2.9.3)

Proof. See [35, Ch. VII, Prop. 2.1]. O

Thus the group Ey(Q)/E:1(Q) is isomorphic to the finite group of nonsingular

points modulo p.

2.9.1 The Group E/E

We see that the group Ey(Q) consists of those points of £(Q) which do not reduce
to a singuar point of Ens(]Fp). In particular it is made of two pieces: the part
E.s(F,), and the formal group E1(Q). Importantly the quotient E(Q)/Fy(Q) is
finite.

Theorem 2.9.2. Let E/Q be an elliptic curve. If E has split multiplicative re-
duction then E(Q)/Ey(Q) is cyclic of order v(A) = —v(j). Otherwise the quotient
group E(Q)/Ey(Q) is finite, of order at most 4.

Corollary 2.9.3. The subgroup Ey(Q) has finite index in E(Q).
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2.9.2 The Conductor of an Elliptic Curve

Definition 2.9.4. The conductor Ng of E/Q is defined to be
Ng = H pfp
p
where the product is over all primes and the exponent f, is defined below.

0 if £ has good reduction at p,
=11 if F has multiplicative reduction at p,
246, if E has additive reduction at p.

Here 6, depends on wild ramification in the action of the inertia group at p of
Gal(Q/Q) on the Tate module T,(E). It can be calculated by Tate’s algorithm
(Section 2.10). The conductor divides the minimal discriminant, and its prime
divisors coincide with those of the minimal discriminant. The conductor encodes

the type of reduction at p.

Remark 2.9.5. We call curves stable if E has good reduction, semistable if FE has

multiplicative reduction, and unstable if E has additive reduction at a prime p.

2.10 Tate’s Algorithm

Let E/K be an elliptic curve given by the nonhomogeneous affine form of the

Weierstrass equation
E:y* + ayxy + asy = 2° + axx® + aux + ag,

where aq,...,a6 € R, where R is the ring of integers of a number field K. Tate’s
algorithm is an eleven step process which on its completion, which might happen
after a finite number of repetitions, we obtain the Weierstrass equation in minimal
form. It allows us to compute the valuation of the minimal discriminant v,(Apm),
and f,(E/K) the exponent of the conductor of E/K for each prime p dividing
Anin-
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The algorithm can be found in [35, Ch. IV. Sec. 9], where it is presented close

to Tate’s original exposition in [40], and can be consulted for extra details.

2.11 Elliptic Curves over Finite Fields

In Section 2.9 we looked at the reduction of an elliptic curve modulo a prime p.
With this in hand we can extend Theorem 2.5.3.

Theorem 2.11.1 (Lutz—Nagell). If p is an odd prime such that p t A, then the
restriction to E(Q)ws of the reduction homomorphism r,: E(Q) — E(Z/pZ) is

one-one. This remains valid for p =2 if 21+ A and a; = 0.

2.11.1 Counting Points over a Finite Field

If E/F, is an elliptic curve defined over a finite field, where ¢ is a power of a prime

p, then the set of rational points is
EF,) ={(z,y) € E(F,) : 2,y € F,} U{O}.

The number of points in E(F,) is finite.

For the group of points E(F,), ¢ odd, a cubic 2 + az? + bz + ¢ is a square
around half the time for x € {0,1,...,q — 1} giving two values +y, and one if
y = 0, adding the “point at infinity” we should expect to have around ¢+ 1 points
on the curve over a finite field. The difference between these two values can be

made exact.

Definition 2.11.2. The trace of Frobenius, a,(E), of an elliptic curve E is defined
by

a,(E)=q+1—|E(F,)|. (2.11.1)

In fact a,(E) turns out to be the trace of the ¢g-power Frobenius map considered

as a linear transformation of the Tate module of F.

Theorem 2.11.3 (Hasse). If E is an elliptic curve defined over the finite field I,
then the number of rational points |E(F,)| satisfies

|E(Fy)| = q+1—ay(E), with |a,(E)| <2y/q.
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Proof. See [35, Ch. V, Thm. 1.1]. O

The next result is mainly due to Deuring, and gives the possible values that
E(F,) can take.

Theorem 2.11.4. Let I, be a finite field with cardinality g = p”, and let t € Z
be such that |t| < 2¢/2. There exists an elliptic curve E defined over F, such that
|E(F,)| = q+ 11—t if and only if one of the following conditions is satisfied:

(a) ptt

(b) n is even and t = £2¢"/2.

(c) n is even, p Z 1 (mod 3), and t = £q'/2.

(d) n is even, p# 1 (mod 4), and t = 0.

(e) nis odd, p=2 or3, and t = £p"+1/2,

(f) nis odd and t = 0.

Proof. See [12, Thm. 7.3.12]. O

Theorem 2.11.5. Let F, be a finite field with cardinality g = p"™. The group E(F,)
is the product of at most two cyclic groups, and if we write E(F,) = (Z/d\Z) x
(Z/ng) with dg | dl, then dg | q— 1.

Proof. See [5, Thm. 7.10]. O

Ezxample 2.11.6. Consider the set of points of the elliptic curve E: y* = 23 —2 over
the finite field F5. We can easily find all points (z,y) with x,y € {0, +1, £2} by
solving

v’ =2° -2 (mod 5).

For this we need to find when 2% —2 is a quadratic residue modulo 5, these residues
being 0, 1, and 4. We find the six points to be

{(1,£2), (2,£1), (3,0), O}
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where O is the “point at infinity”. These points form a cyclic group of order 6.

E(Fs) = Z/6Z.

2.11.2 The Singular Situation for Finite Fields

For finite fields we have the analogue of Theorem 2.4.2:

Theorem 2.11.7. If an elliptic curve becomes singular over a finite field I, with

singular point () then we have
(a) If Q is a cusp, then E.(Fy) = FF of order q.

(b) If Q is a node with tangents whose slopes are rational over F, (split multi-
plicative reduction), then E,(Fy) = F; of order ¢ — 1.

(¢) If Q is a node with tangents whose slopes are quadratic over F, (nonsplit
multiplicative reduction), then E,i(F,) is isomorphic to the subgroup of order

q+1in ¥ (a cyclic group of order ¢ —1)

Corollary 2.11.8. If an elliptic curve E has bad reduction at a prime p, so p |
A(E), the trace at ¢ = p™ for m > 1 is given by

(a) if the reduction is additive a,(E,;) = 0;
(b) if the reduction is split multiplicative a,(E,s) = 1;
(c) if the reduction is nonsplit multiplicative a,(E,;) = —1.

Proof. For primes of singular reduction the trace of Frobenius is given by a,(FEys) =
q — |Ens(F,)|, where we subtract 1 for the singular point in the trace formula
(2.11.1), and so using this formula together with Theorem 2.11.7 the three cases

are clear. ]

2.12 Quadratic Twists

Definition 2.12.1. Let K be a field with char(K) # 2. Let F/K be an elliptic

curve of the form:

E: y2:x3+a2$2+a4x+a6.
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Given d € K* the quadratic twist of E by d is the curve £, defined by:
E9D: dy? = 23 + asx® + asx + ag. (2.12.1)

To convert E@ to an ordinary Weierstrass form, multiply (2.12.1) through by d*
and set Y = d?y, X = zd, then (2.12.1) becomes

2 3 2
B@. gt (3;) _ (5) 4 and? (j) 4 oaud? (ij) + agd,

or equivalently

EWD: V2= X3+ aydX? + ayd?> X + agd®.

These two elliptic curves E and E® are not isomorphic over K, but over the
quadratic field extension K (v/d).

If char(K) = 2, then given d € K such that 2> + x + d is an irreducible poly-
nomial over K, a curve E/K given in long Weierstrass form (2.3.2) has quadratic

twist given by

EWD: 2 4 ayzy + asy = 2° + (ag + a?d)x? + agx + ag + a2d.

Now FE is not isomorphic to E@ over K, but over the field extension K|z]/(x? +
x +d).

2.12.1 Quadratic Twists over Finite Fields

If we take our field to be a finite field F, with an odd number ¢ of elements and d
a nonsquare in [y, then for each x € F, there exists a y € I, such that the point
P = (x,y) belongs to one of E or E@. There are always two such values 7, so
that

|E(F)| + |ED(F,)| = 2q + 2.
In particular we get a,(E) = —a,(EY). Thus we get:

Theorem 2.12.2. Let E/F, with Weierstrass equation of the form y* = f(x), for
some cubic f, p an odd prime, d € F,. Let ED be the quadratic twist of E by d.
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Then p

ay(B@) = (p) a,(F) (2.12.2)
where (g) is the Legendre symbol.
Proof. See [12, Prop. 7.3.16]. O

Ezxample 2.12.3. In Subsection 7.2.1 we study the elliptic curve
E:Y?=X*-3UX +2V.
We find we have to consider the twist of £ by v/—1, which is
ECY y?= X3 - 3UX —2V.

If (Xo,Yp) is a point on E, then (—Xj,:Yy) (where i = /—1) is seen to be a point

on FY gince
(iYp)? = Y7 = —(X{ — 3U, X + 2V,) = (=X)? — 3U.(—Xo) — 2V,,.

This shows E and EY are isomorphic over Q(v/—1), but not over Q.

2.13 Elliptic Curves over C

The aim of this Section will be to illustrate some of the elliptic functions utilized
in the sequel. The Weierstrass p-function can be used in the parametric equations
of elliptic curves. It can be thought of as the fundamental elliptic function having
periods wy, we and a double pole at the origin with residue 0. The Weierstrass
(-function and the Weierstrass o-function are also introduced, with the latter
function being shown later to be closely associated with some of the polynomial
expressions concerned with evaluating points on elliptic curves.

Although we study all these functions under the label of elliptic functions it
should be noted that only the Weierstrass @(z; A)-function and its derivative are

elliptic functions, because only these functions are doubly periodic. The other
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Weierstrass functions ((z;A) and o(z;A) are not elliptic functions because they

are only quasi-periodic functions with respect to z.

2.13.1 Complex Tori
Definition 2.13.1. A [attice in C is a set
A = (w1, ws) = Zwy @ Zuws,
with {wy,ws} a basis for C over R. The lattice A can be equivalently expressed

via a homothetic transformation as a normalised lattice A,,

1
A =(1,7y=—A=Z&®Zr where Tzﬂ, %(wQ) > 0,
w1 w1 w1

where the imaginary part of the ratio of periods may be taken to be positive by

exchanging the roles of wy, wy if necessary.

From henceforth we shall assume all our lattices are normalised by putting

wi; =1and wy = 7.

Definition 2.13.2. Let A, = {m7 +n : m,n € Z} be the lattice generated by 1

and 7. A fundamental parallelogram for the lattice A, is a set of the form
D= {tl +t7:0< t1,10 < 1}

Definition 2.13.3. A complex torus is a qoutient of the complex plane by a lattice
A,
C/A={z+A:z€C}.

2.13.2 Elliptic Functions

Definition 2.13.4. An elliptic function f, with respect to the lattice A, is a
meromorphic function f: C — C, which is doubly periodic with respect to A:

fz4+w)=f(z) forall ze€C, weA.
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The set of all such functions is denoted by C(A). It is clear C(A) is a field.

Definition 2.13.5. The Fisenstein series of weight 2k associated to a lattice A is

defined to be .

GalV) = X —

weA\{0}

and is absolutely convergent for all £ > 1 [35, Ch. VI, Thm. 3.1(a)]. We also
define

1
= AT = B —
sz(T) GQk( ) m;ez (mT n TL)%
(m,n)#(0,0)

Definition 2.13.6. The Weierstrass p-function (relative to A) is defined by

(2 =+ > ((z—l(,m_:?) 2eC,z¢A. (2.13.1)

weA\{0}

We see p(z; A) is a meromorphic doubly periodic function with a pole of order
2 at each period (with none other), and converges absolutely and uniformly in any
bounded closed domain containing none of the lattice points [35, Ch. VI, Thm.
3.1(b)]. It is thus an (even) elliptic function [35, Ch. VI, Thm. 3.1(c)]. If the
lattice has been fixed we shall write p(z; A) = p(2) for concision. The derivative

of the p-function is

2)=-2>

weA

(2.13.2)

z—w)

and so ¢'(z) has a pole of order 3 at each period.

Proposition 2.13.7. For 0 < |z| < mingzuea(|w|) the Laurent series expansion
for p(z) is
+ ) (2k + 1) Gappo2™, (2.13.3)
k=1

and the Laurent series expansion for ¢'(z) is

2 o0
o' (2) = -5+ D7 2k(2k + 1)Goppa2™ (2.13.4)
k=1
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Proof. When |z| < |w|,

1_1_1<1_1>
(z—w)? W W\ (1 (2/w))?
1 (& P
:w?<z(k+1)wk>'

k=1

Therefore

p(z) = %

) Zk
+2.>
w#0 k=1

where we sum over w first, and then over k. The series expansion for ¢'(z) follows

similarly. O

Theorem 2.13.8. The set of doubly periodic functions for A is an algebraic func-
tion field C(A) = C(p(z), ¢'(2))-

Proof. See [46, Thm. 9.3 (5)]. O

Theorem 2.13.8 shows every elliptic function is a rational combination of @ and

2.13.3 Parametrizing Elliptic Curves

Theorem 2.13.9. The p-function satisfies the nonlinear differential equation

' (2)? = 4p(2)° — g20(2) — g3 (2.13.5)

where go, g3 are the elliptic invariants of the -function, and are defined by the

FEisenstein series
g2(A) = 60G4(A) and g3(A) = 140Gs(A).

Proof. By Proposition 2.13.7 if we cube the relations for p(z), and square the
Laurent series expansions for ©'(z), found in (2.13.3) and (2.13.4) respectively, we

can show that

f(2) = ¢/(2)" = 4p(2)° + 60G4p(2) + 140G,
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is identically zero. See [46, Thm. 9.8]. O

Theorem 2.13.9 shows that the points (p(2), ¢’(2)) lie on the curve y* = 42° —
g2 — g3. Hence the differential equation (2.13.5) can be used to show that C/A is

always complex analytically isomorphic to an elliptic curve.

Proposition 2.13.10. Let g5 = go(A) and g3 = g3(A) be the quantities associated
to a lattice A C C. The polynomial f(x) = 4x* — gox — g3 has distinct roots, so its

discriminant A(A) = g3 — 2743 is nonzero.
Proof. See [46, Prop. 9.9]. ]

The nonvanishing of the discriminant in Proposition 2.13.10 implies the next
Theorem that shows how the p-function can be used to parametrize elliptic curve

equations.

Proposition 2.13.11. Let A be a lattice and let E/C be the elliptic curve
E:y* =42° —ax —b. (2.13.6)
Then the map

6: C/N — E(C) C P*(C)

z2— (p(2) 1 0'(2) : 1)
0— O

is a complex analytic isomorphism of complex Lie groups.
Proof. See [35, Ch. VI, Prop. 3.6]. ]
In fact we can show every elliptic curve over C corresponds to a torus.

Proposition 2.13.12. Let E/C be the elliptic curve defined by y* = 42° — ax — b.
Then there exists a lattice A such that go(A) = a and g3(A) =b. Then there is an
isomorphism of groups C/A = E(C).

Proof. See [46, Ch. 9, Thm. 9.19]. O
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By normalizing we have assumed A = Ap = Z + Z7 with (1) > 0. The value
of 7 is determined modulo the action of SLy(Z) on the complex upper half plane
H and is the period of E.

Proposition 2.13.11 shows the map z — (p(z) : ¢'(2) : 1) takes nonlattice
points of C to points (z,y) € C? satisfying the nonsingular equation (2.13.6).

Remark 2.13.13. If we divide the coefficients of the Weierstrass form (2.13.6) by 4
and set y to %y, A=—-% and B = —%, we gain the form

E:y* =2+ Az + B.

Hence we have the Weierstrass p-function and its derivative map C/A to F via

(z,9) = (p(2), 3¢/ (2)).
Definition 2.13.14. The Weierstrass (-function (relative to A) is defined

1
++Z), 2eC, 2g A (213.7)

z—w w  w?

e =c=n=2+ >

weA\{0}

Proposition 2.13.15. The Weierstrass (-function relative to the lattice A satis-
fies:

(a) Forallz € C, L((z) = —p(z).
(b) C(~2) = ~C(2).
(c) Forallwe A and all z € C,
((z+w) =¢(2) +nw),
where the number n(w) is independent of z. The map
n:A—C

is called the quasi-period map associated to A.

Proof. For (a), the series (2.13.7) converges absolutely and uniformly, and so dif-

ferentiating it term by term gives the series for —p which is convergent. For (b),
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we note replacing w by —w does not change ((z). Evaluating at —z gives —((z).
For (c)

jzg(z +w)=—p(z+w)=—p) = CZ((,Z).

Integrating, we find the quantity

nw) = ((z +w) = ((2)

is independent of z. n

Definition 2.13.16. The Weierstrass o-function (relative to A) is obtained by

integrating ¢ twice and exponentiating to give the product

o(z) =o(zA) ==z ] <1 - Z) ele/w)t3 (/) (2.13.8)
wila w

This function is holomorphic on C. It has simple zeros at each z € A and no other
zeros [35, Ch. VI, Thm. 3.3(a)].

The Weierstrass o-function is not periodic with respect to A, but has a quasi-
periodicity which we now describe: Let n7: A — C be the quasi-period map for A,
and define A\: A — {£1} by

1 ifwe2A,
—1 ifw ¢ 2A.

Mw) =

The Weierstrass o-function satisfies the following transformation formula:

o(z+w;A) = AMw)e"™ g (2 A) forall z € C and w € A. (2.13.9)

Definition 2.13.17. Fix a lattice A C C corresponding to an elliptic curve F.

For v = (vy,...,v,) € Z", define a function ¥, on C" in variables z = (z1,..., z,)
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as follows:

“IIV(Z; A) =
o(vizy + -+ vpz A)
<H§=1 o (2i; A)%ZLZJ':I Wj) ( [i<icj<ro(2i + 253 A)Uz'vj) ’
(2.13.10)

(—1)21§i§j§T v;vj+1

where for v =0 we set ¥, = 0.

In particular we outline the first two cases of Definition 2.13.17 as these will

be of particular interest to us in the sequel.
Example 2.13.18. For each m € Z we have a function on C in the variable z:

m—+1 O'(mZ; A)

V(s A) = (1) T

(2.13.11)

For each (m,n) € Z? we have a function on C? in the variables z and w:

o(mz + nw; A)

(80 (z 1w Ao (w; Ay (A312)

Uz, w;A) = (—1)(m+n)2+1
o

Lemma 2.13.19. Let u and v be complex variables. Then we have the relation

o) = _o(u+tv)o(u—v)
p(u) — p(v) OO (2.13.13)

Fix a lattice A C C corresponding to an elliptic curve E. Let vectors u =
(ug,...,u), v=(v1,...,0,) € Z". Then for the vector z of r complex variables

z=(z1,...,2-) € C" we have

Wiy (2)Vy (2)
Vo (z)2W,(z)?

pu-z)—p(v-z)=— (2.13.14)

Proof. Equation (2.13.13) is a standard result; see [34, Cor. 5.6 (a)]. Equation

(2.13.14) follows from (2.13.13) by calculation using (2.13.10) to give

V(D)W v(2) _ o((u+v) - 2)o((u—v)-2)
U, (z)20, (z)? o(u-z)2c(v-z)? '
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2.13.4 Torsion Points in C

Which points in F(C) have [n|P = O?7 Using the p-function we have p(nz) =
np(z) = 0 if and only if nz € A. Hence we need z € 2A. Since L1A/A = (Z/nZ)*

we get: There is an isomorphism of abstract groups

E(C)[n| = Z/nZ x Z/nZ.



Chapter 3
The Division Polynomials

Throughout we let K be a field of characteristic 0.

3.1 General Theory

Let K be a field and E/K an elliptic curve given by the Weierstrass equation
E:y’ + a1y + agy = 2° + aga® + agx + ag. (3.1.1)

Let P = (z,y) € E(K). Look at the sequence of points [n]P = (z,,y,) for
n € Z, [n]P # O. By the addition law on E/K, two points P;, P, on E have
P, + P, described by rational functions of the coordinates of P, and P,. It follows
[n] P can be expressed in terms of rational functions in x, y and the coefficients of
the Weierstrass equation (3.1.1).

One way we can investigate the group of n-torsion points E[n], for nonzero n,
is to introduce a function ¥, which has zeros exactly at the points in E[n|\{O}

2

with one pole at O. Let f(x,y) = v* + a1zy + azy — 2° — asx® — ayx — ag = 0

be the defining equation for E, and let K (E) be the field of fractions of K[E] =

3

Kz, yl/(y* + arzy + asy — 2° — ap2® — agx — ag).

Proposition 3.1.1. Consider an elliptic curve defined over a field K with Weier-

strass model f(z,y) =0, where

f(z,y) == v* + a1zy + asy — 2° — apx® — auw — ag;  a; € K. (3.1.2)
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The division polynomials are the unique polynomials in the quotient field K[z, y|/{f(x,y))

which satisfy the following nonlinear recursion:

Ty =0,

vy =1,

Uy =2y + a1z + as,

Uy = 32* 4 bya® + 3bya® + 3bsx + bs,

U, = 0, (29;6 + bo2® + Bbaa + 10b6z° + 10bsa” + (babs — babe) + (babs — b§)>,
where the b; are as usual,
UiV U2 =V, W, 02 — W, U, W2 forallm>n>r. (3.1.3)
Furthermore they are given inductively by the duplication formulas

Uopi1 = Ui ¥2 — W, 03, forn > 2, (3.1.4a)
Wy = Wy (U202 ) — W, 502 ) forn > 3, (3.1.4b)

Proof. For a proof of the general recursion (3.1.3) and the fact that this together
with the fixed values Wy, ¥y, U,, U3, U, determines the division polynomials
uniquely see [18, Prop. 3.52, 3.53], and also [1, Ch. 4.4.5.(a)], [35, Ch. III, Ex.
3.7]. For some of the classical elliptic function theory underpinning these results
see [9, Ch. II1.4, Ch. IV.3]. O

Proposition 3.1.2. Let E/K be an elliptic curve given by Weierstrass equation
E:y* 4+ a1xy + asy = 2 + asx® + asx + ag.

For n € Z4, the n™ division polynomial U,, is the unique rational function V,, €
K(E) having divisor
div(¥,) = > (P)—n*(0), (3.1.5)

PcE|n]

with leading coefficient n. Set Yo = 0 by convention.

Proof. See [18, Prop. 3.57]. O
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With Proposition 3.1.2 in hand we have

Theorem 3.1.3. The division polynomials satisfy

v, =-v,. (3.1.6)
Proof. This is clear from Proposition 3.1.2 and the fact that if P is any torsion
point then so is its inverse —P, i.e., E[n] = E[—n]. O

Remark 3.1.4. Let P = (z,y) be a point on an elliptic curve. Concerning notation
we shall write either of U,,(P) or W,,(x,y) for the n'" division polynomial evaluated
at the point P.

Theorem 3.1.5. Let x(P) denote the x-coordinate of a point P = (x(P),y(P))

on an elliptic curve E/K. Then the division polynomials satisfy

U2 (z,y) = n? II (x - :L‘(P)) =n2" 4. eZ[x]
PeE(K)[n\{O}

a primitive integral polynomial vanishing at the x-coordinates of torsion points on

the curve of order dividing n.

Proof. We have that div(x — z(P)) = (P) + (—P) — 2(0O) since the only zeros of
x — x(P) are P and —P. Then by (3.1.5)

div(¥2) = Y 2(P)—2n*(0),

PeEn]

while

div (n2 I @- x(P))) = Y div(z—=z(P))
PeEn\{O}

PeE[n]\{O}
- ¥ ((p) +(=P))+2(0)  (3.1.7)
PeEn\{O}
= Y 2(P)-2n*0),
PcE|n]
where we can do the last step since E[n] = —FE[n]. Hence the divisors of two

rational functions agree. Moreover the leading coefficient is n? in both rational
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functions so they must be the same. The power of x follows as there are n? — 1
torsion points in E[n]\{O}. O

Proposition 3.1.6. Forn odd, V,, € K|z| (where we identify K|x] with its image
in K(E)), while for n even, V,, € (2y + a1x + a3) K|[z].

Proof. If n is odd E[n| contains no point of order 2 and we can write E[n] = S U
—SU{O} for some set S where =S = {—P: P € S}. Then ¥, = n Y pcg(z—x(P))
by the same argument as in Theorem 3.1.5.

For the case n even, E[2] C E[n]. Decompose E[n] = SU—SU E|2] such that,
as char(K) # 2, ¥,, = §Vy Y peg( — 2(P)). Now there are three nonzero points
of order 2 which sum to O since by (3.1.5) there is a rational function with divisor
(E[2]) — 4(O), namely the line 2y + a1z + as, since a point (x,y) is a 2-torsion
point if and only if 2y + a1z + a3 = 0. [

Corollary 3.1.7. For m and n having the same parity then ¥, V,, € K|x].

Proof. If m and n are odd the result follows by Proposition 3.1.6. If they are even
then we need merely note ¥3 = (2y+a;x+az)? = 423 +byax® +2b,2+bs € K[z]. [

The next Lemma proves the division polynomials in characteristic zero have

coefficients in Z.

Lemma 3.1.8. The division polynomials V,, satisfy

Zlay, as, az, ay, ag, T if n is odd,
v, e a1, az, a3, ay, ag, ] f (3.1.8)
UoZlay, ag, as, aq, ag, x| if n is even.

Proof. Because of the antisymmetric property (3.1.6) we need only prove for the

case n > 0. The Lemma is true for 0 < n < 4 by Proposition 3.1.1. Assume by

induction that the Lemma is true for 1 < k£ < n —1. We subdivide into two cases:
If n is odd, say n = 2k + 1 with k£ > 2, then by the formula (3.1.4a) we have

\Ij2k+1 = \I/kJrQ\Ifz - @k,1@i+l for k 2 2. (319)

We note that 2k +1 > k + 2 and so by examination of the suffixes on the
RHS of (3.1.9) we have if k is even, then by induction V3 divides the W U3
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term, where U2 = (423 + boz? + 2byx + bg)?, and so ¥y o U3 is a polynomial in
Zlay, as, as, ay, ag, x|, for the \Ifk,l‘lliﬂ term we note both suffixes are odd, so,
by induction, Wy_; W3, is a polynomial in Z[ay, as, as, a4, ag, z]. Hence Wopyy €
Zlay, as, as, ay, ag, x] if k is even. If k is odd the same reasoning applies. Thus for
n odd we have U,, € Zlay, as, as, a4, ag, x].
If n =2k with k& > 3, then 2k > k + 2. Equation (3.1.4b) gives
L 2 2

Uy = @(WHquk_l — W oVi,,) fork>3. (3.1.10)
Now Wy o, Wy 1, Uy, Uiy, VUrio are polynomials satisfying the conditions of
the inductive hypothesis since all suffixes are less than 2k. If k£ is odd then
3 divides (Vj40W7_ — VUysW7 ), while if & is even Wy divides Wy, ¥y o, and
U)o and so U3 divides Wy (U 2W2 | — Uy W7 ). Hence Wy is a polynomial in
UyZ]ay, ag, as, ay, ag, x] as required. ]

2 — a4z —ag = 0 be the defining equation

Let f(z,y) = v +arzy+aszy — 23 —asx
of an elliptic curve E. Since the division polynomials will be evaluated at points on
an elliptic curve, we compute them modulo f(x,y). Thus in particular the degree
of y in ¥, never exceeds 1 (since we can replace y? by 23 +asx? +ayz+as—a xy—asy
whenever it occurs).

By Lemma 3.1.8 the division polynomials in characteristic zero have integer
coefficients, and we are thus allowed to reduce them modulo a prime p. Therefore
all equations found in characteristic zero still hold in positive characteristic p, since
by Lemma 3.1.8 they are equations in the quotient field of the integral domain
Zlay, as, as, ay, ag, x,y]/{f(z,y)) — providing no denominator is zero after reducing

modulo p.

Lemma 3.1.9. For the division polynomials defined in a field of arbitrary char-
acteristic we have V,, # 0 for n # 0.

Proof. See [18, Lem. 3.56]. O
Proposition 3.1.10.
nz™=D/2 4 g(x) if n is odd,

U, (z,y) = (3.1.11)
(2y + arz + a3) (%x(”z_“w + h(:c)) if n is even.
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where g, h € Z[ay, as, az, a4, ag, ] and deg(g) < (n* —1)/2, deg(h) < (n* —4)/2.

Proof. We prove by induction. The result (3.1.11) is true for Wy, Wy, W3, Wy.
Assume (3.1.11) holds for all integers m such that 0 <m <n —1 withn —1> 4.
Let n = 2k + 1 with k even, then the leading term of Wy, U3 is

2_ a2
4 (k+2) 4+3k 12

(k+2)k°((2y + az +as)/2) & 2

Now the leading coefficient of (2y + a1x + a3)* is 162° and so this becomes

(2k+1)2-1
2

(k +2)k*z

Similarly the leading term of Wy, W3, is

(2k+1)2—1
2

(k—1)(k+ 1)

Using the formula Woy 1 = Uy 03 — U3, ¥, 1 we have on subtraction

(2k+1)2-1

(k+2)k%2 2 — (k-1 (k+1)°

(2k+1)2—1
2

the leading term for Wopyq to be (2k + 1)z(@F1)°~1/2 45 required. Hence the
polynomials W¥,,, with n odd, are of degree (n? — 1)/2 with leading coefficient
n, and coefficients in the ring Zlay, as, a3, a4, ag]. The other cases are treated

similarly. O

Theorem 3.1.11. Let E/K be an elliptic curve with Weierstrass equation
f(z,y) =y* + a1y +asy — 2° — agr® —agxr —ag =0; a; € K.

There exist polynomials ®,,, and €, in the quotient field K|z, y|/{f(x,y)) defined
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by
¢, =202 — U, 1V, , for alln € Z, (3.1.12)
o_, =0, (3.1.13)
1
Qn = E (\Ififl\ljn-m - \Ijn—2\pi+1 - \I’2\Ijn(a1q)n + a3\I]121>) ) (3‘1‘14)
Q= + (a1 ®, + a3 P2, forn #£0, (3.1.15)

such that, for all nonsingular points P = (z,y) € E(K)

(n]P = (@n(x,y) Q(2,y)

q’%(%y)’@%(%y)) flnlP # 0. (3.1.16)

Proof. See [31, Thm. 2.26] for the polynomial recursions, and [6, Lem. IIL.5] for
the proof of (3.1.16). O

Proposition 3.1.12. The division polynomials ®,, and €2, satisfy

O, € Zlay, as, a3, aq, a6, x|  for all n, (3.1.17)

WUoZ|ay, as, az, ay, ag, x| if n is odd,
0, e oZlay, az, az, ay, ag, x| if (3.1.18)
Zlay, as, as, ay, ag, x| if n is even.

Proof. 1f n is odd, then V¥, ; and V¥, ; are in VyZ[ay, as,as, ay, ag, x] so their
product is in Z[ay, as, as, a4, ag, z]. Therefore ®, € Zlay, as, a3, ay, ag, x]. If n is

even the proof is similar.

The results for €,, follow from Lemma 3.1.8. O

Proposition 3.1.13. The polynomials ®,, and W2 are polynomials in the variable
x alone with coefficients in the ring Zlay, as, as, ay, agl. In particular they are of
the form

D, (z) = 2 + (lower degree terms),

U2 (z) = n*z"” "' + (lower degree terms).
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Proof. The result for U2 follows immediately from Theorem 3.1.5. For @, we
compare the degrees and leading terms in ®,, = 2¥2 — ¥, ¥, in similar manner
to Proposition 3.1.10. O

3.1.1 The Representation of Division Polynomials by El-
liptic Functions

The next Proposition is [35, Ch. VI, Ex. 6.15].

Proposition 3.1.14. Let E/C be an elliptic curve and let ¥, be the division
polynomial defined in Proposition 3.1.1. Let A be some fixed complex lattice such
that E = C/A and z a complex variable. Considered as a function on C/A, U, (z)

is given by ()
n+1 I\N%5

U, (z;A) = (=1) (s A (3.1.19)
Proof. By Proposition 2.13.11 we have the isomorphic mapping
0: C/A = B/(C), 2 (p() : 9/(2) : 1)
where E’ is of the form
E':y? = 42° — g — g3. (3.1.20)

This isomorphism between points zp € C/A and the points P € E'(C), where
z(P) = p(zp), y(P) = ¢ (zp) with respect to the elliptic curve (3.1.20), can be
used to describe the division polynomials W, (z(P),y(P)) = V,(p(zp), ¢'(zp)) in
the usual way. Hence, with respect to the lattice A, we may calculate the complex
function ¥, (zp) as being identical to the division polynomial ¥, (p(zp), ¢'(zp)).
This shows, after making the identification ¥, (zp) = VU, (p(zp), ¢'(zp)), that
U, (zp) is in the field of elliptic functions, being a rational function in C(gp, ¢').

Now let E/C be the curve given in long Weierstrass form
E:y* + awwy + azy = 2° + a2 + asx + a (3.1.21)

and define a change of variables, as described in (2.3.3) and (2.3.6), to give the
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mapping

Therefore under the map & o § we see C/A is isomorphic to E(C), and so E'(C) =
E(C). Due to this isomorphism we have the function U, (2) given by

wa() = (06) - 5 5 - 5 (o0 - ) - 5 ).

To(z;A) = olnz;A)

then Y,(z) is an elliptic function, which we now prove by showing the function
on the right hand side is meromorphic with period lattice A. Let w € A. From
(2.13.9) it follows that

o(n(z+w))  Anw)e"m) =454 (nz)

o(z+w)™”  \(w)n2en@ ) ()0

(
AW)" e @E 5 ()
(

By the isomorphic mapping described we have (C/A)[n| = E[n]. Now W,
vanishes exactly at each nonzero u € (C/A)[n]. There are n? — 1 nonzero torsion
points of E'(C)[n], and so n? — 1 such points u. Since ¥, (z) has exactly one pole
of order n? — 1 at z = 0, the order of vanishing at each nonzero torsion point is
one, reflecting the fact that each of the n? — 1 nonzero roots is distinct, and so all

the zeros are simple.

It is clear from (2.13.8) that the function T,(z) also has a pole of order n? — 1

at z = 0 and simple zeros at +A\A.
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Hence V,,(z) and T,,(2) have the same divisor and so are proportional functions.

Multiplying by 2"*~! to take account of the poles at z = 0 we can therefore write
2PN, (2) = 2T (2), (3.1.22)
which is analytic at z = 0.

Plugging the definition of the Weierstrass o-function in Equation (2.13.8) into
the RHS of (3.1.22) gives

nz [Twea (1 — %) e(”z/w)-i-%(nz/w)2

2 w21 0(nz) n2_ W20
zZ lTn(Z) =2z ! ((Z)n2 =z ! . ) 7 n2 n2 .1 on2
o 2 Ty (1= 2)" e/ s3e/w)
w#0

which tends to n as z — 0.

By letting = p(z), y = 1¢/() in Lemma 3.1.10, we find for the LHS of
(3.1.22) that

21 nz""lp(z)* D2 4 if n is odd,
2V T, (2) = i
©

(2)p(2)™*=D/2 ... if n is even.

N[

nz

By the Laurent expansions (2.13.3) and (2.13.3) we see p(z) = & + -+ has a pole

2,2
of order 2 at 0 and ¢'(z) = 2% + -+ has a pole of order 3 at 0. Plugging these in
gives
n+--- if n is odd,
2N, (2) =
—n+--- if nis even.

Hence on taking the limit

. n?2—1 _ (_1\n+1
il_r)r(l)z U, (2)=(—=1)""n.

Hence the constant ¢ in (3.1.22) is (—1)"™!, and so substituting in for T,(z) we
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have (n2)
U (2) = (—1)H o(nz
()= (1
as required. O
We also have the identities
Proposition 3.1.15.
Uy (2) = U, (2) W, (m2),
Bpn(2) = Uy (2)2 B, (m2), (3.1.23)
Qn(2) = Uy (2)*™ D (m2),

for all integers m, n.

Proof. Consider ¥,,,(z), where z is understood to be a complex variable. Using

the properties of the Weierstrass o-function we have

W) = ) _ ("<mi2)”2 (2tm)

o(2) o(mz)"*
m(2)

=V, (2)"

2

U, (mz).

The other two equations have similar proofs based upon the given proof for ¥,,,
and then on subsequent use of the polynomial expressions for ®,, and €, given in
Theorem 3.1.11. O

Proposition 3.1.16. Let E/K be an elliptic curve, and A(E) # 0. We have

®,(x) and V2(x) are relatively prime polynomials in K|z].
Proof. See [46, Cor. 3.7]. O

Proposition 3.1.17. We have V,,_1(z,y) and ¥, (x,y) are relatively prime poly-
nomials in K[z,y| for alln > 1.

Proof. See [46]. O

Corollary 3.1.18. We have ged(¥,,_ 19, 1(x), ¥%(x)) = 1.
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We saw in Subsection 2.13.4 that F(C)[n] = Z/nZ x Z/nZ, and so E(C)[n]
has n? elements. The roots of ¥, are the nonzero points of order n on E. It
follows from Theorem 3.1.11 that P = (z,y) # O is an n-torsion point if and only
if ¥,,(z,y) = 0. For any given x € C there are at most two points (z,y) € E(C).
Now the point O is the identity and so is 1-torsion, and the distinct roots of the
Weierstrass equation of an elliptic curve are 2-torsion, with 2(z,,0) = 0 where
x, denotes each of the three distinct roots. For order n > 2 we have that if
n(z,y) = 0, so will n(z, —y) = 0, so we have two torsion points for each respective
x if n > 2. By Proposition 3.1.13 we know if n is odd then ¥, (z) has at most
(n? —1)/2 distinct roots.

Similarly, if n is even, ¥, (x,y)/(2y + a1z + a3) has at most (n? —4)/2 distinct
roots, and the polynomial (\I/n(x, v)/(2y + a1z + a;;))2 corresponds to all points
for which [n]P = 0 except the four in the 2-torsion subgroup E(C)[2] of order 1 or
2. Hence the roots of ¥, (z,y) are distinct. In other words each root of ¥, (z,y)

gives rise to exactly two n-torsion points having order greater than 2.

3.2 From Polynomial to Sequence

The division polynomials form a divisibility sequence, that is they satisfy the prop-
erty W,,, | ¥,, whenever m | n. In fact more can be said in that they form a strong

divisibility sequence with the property ged(V,,, ¥,) = Wgcdm,n) [45, Thm. 6.4].

Theorem 3.2.1. Let E/Q be an elliptic curve and p be a prime such that the a;
are p-integers. Then for all P = (xp,yp) € E(Q) which are nonsingular modulo p
we have

U, (zp,yp) =0 (mod p) if and only if [n]P =0

on the reduced curve; here [n|P denotes the reduction of [n|P modulo p.

Proof. See [39, Thm. 3.10.5]. O

For two birationally equivalent elliptic curves /K and E’/K, the birational
map is a group homomorphism. Hence for two points P € F(K), and P’ € F'(K),
we have P € E[n] if and only if P’ € E'[n| for all n € Z+,.
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Theorem 3.2.2 (Swart [39, Thm. 3.10.7]). Let E/K be an elliptic curve over a
field K. Let E' be the elliptic curve obtained from E by an admissible change of
variables (2.3.19)

r=u’r"+r, y=udy +uisz' +1t.

Then
U (2 ) = u" T, (2, y) for alln € Z. (3.2.1)

By the nice form of the ¥,, given in Proposition 3.1.10 we can turn any rational
division polynomial sequence into an integral one by choosing the right equivalence

of forms given in (3.2.1), clearing the denominators.

Theorem 3.2.3 (Swart [39, Thm. 3.10.8]). Let E/K be a singular cubic curve.
The point P = (x9,yo) is singular if and only if Vs(xo,yo) = Va(xo,yo) = 0. Then
U, (zo, yo) = 0 for all |n| > 1.

Proof. Let E' be birationally equivalent to £ with P’ = (0,0) a point on £’. Then
by (2.4.1) P’ is singular if and only if a} = a) = 0. From the division polynomials
evaluated at P’ = (0,0) we have

05(0,0) = a3, 5(0,0) = b, W4(0,0) = (Vb — b§) ¥5(0,0),

where b}, = ajay+2d)}, by = a? and by, = —ad}aya+aya} —a}. So ay = a) = 0 if and
only if W4(0,0) = ¥)(0,0) = 0, from which U5(0,0) = 0 also. A brief induction
shows W! (0,0) = 0 for all n € Z. Since V,,(zo,yo) = V/,(0,0) by Theorem 3.2.2 the
result follows, with E being singular at P = (xg, o) if and only if ¥,,(xq,y0) = 0.

The singular point P is then the simultaneous root for all ¥,,. O

3.2.1 Valuations of the Division Polynomials

Let £//Q be an elliptic curve given by Weierstrass equation

E: y* + ayxy + azy = 2° + apx’® + asx + ag. (3.2.2)
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By Theorem 3.1.11 the n'® multiple of a point on an elliptic curve may be given

in terms of the division polynomials

MP:<%@w)m@w)

%@wfﬁ@yﬂ if [n}P # O. (3.2.3)

Ayad has shown that any cancellation occurring between the numerator and the
denominator of (3.2.3) happens exactly at the primes of singular reduction at P.
Throughout we shall write W,,(P) for the n'" division polynomial evaluated at a

point P = (z1,11).

Theorem 3.2.4 (Ayad [2, Thm. A]). Let E/Q be an elliptic curve defined by
(3.2.2) with all a; € Z. Let P € E(Q) be a point in E(Q) such that P # O

(mod p), for p a prime. Then the following conditions are equivalent:
(a) v,(¥2(P)) > 0 and v,(¥5(P)) > 0.
(b) For all integers n > 2, v,(V,,(P)) > 0.

(c) There exists an integer mo > 2 such that v,(Vp, (P)) > 0 and vy(Vpy+1(P))

> 0.
(d) There exists an integer ng > 2 such that v,(V,, (P)) > 0 and v,(P,,(P)) > 0.
(e) Reduction of P modulo p is singular.

Shipsey [32, Sec. 4.4] has shown that for the case K = Q no cancellation occurs
if P =1(0,0), ag =0, and ged(as, ay) = 1. See Subsection 4.7.1 for details.

Cheon and Hahn in [10] estimate valuations of division polynomials and com-
pute them explicitly at singular primes. The following result of theirs shows that
the common factors of @, (P) and ¥2(P) have valuations at p asymptotic to cn?
for some constant ¢, when P modulo p is singular, which is complementary to

Ayad’s result.

Theorem 3.2.5 (Cheon-Hahn [10, Thm. 4]). Given a nontorsion point in P €
E(Q)\Ey(Q) with order r in the finite group E(Q)/Ey(Q), set g, = ged(P,,, U2).
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Then for any integer m and k where 1 < k < r, we have

vp(gr)m if n=mr,

vp(gr)(2m)? £+ 2m (2Up (%) + vp(gr)) +2v,(¥g) if n=2mr £k
(3.2.4)

Up(gn) =

We now give a Lemma that will be useful when studying any cancellation that
occurs between the division polynomials of multiples of points on an elliptic curve.

In particular it can be used to give bounds for any cancellation.

Lemma 3.2.6. Let P be a nontorsion point in Ey(Q). If v,(x(P)) <0, then
vp(([n]P)) = vp(2(P)) + 2vp(n)

for alln € Z~y.
Proof. See [10, Lem. 1]. O

Remark 3.2.7. Saying v,(x(P)) < 0 is equivalent to saying P = O (mod p).



Chapter 4

Elliptic Divisibility and

Denominator Sequences

4.1 Elliptic Divisibility Sequences

Definition 4.1.1. Let K be a field. An elliptic divisibility sequence (EDS) over
K is a sequence (W,,),>1 defined by four initial terms Wy, Wy, W3, W, € K and

satisfying the quartic nonlinear recurrence
Wi Wi aWE = Wi i W A W2 — W W, W2 forallm, n € Z. (4.1.1)

An EDS is called nondegenerate if W1 WoW3 # 0.

We call [Wy, Wy, W3, W] the seed of the sequence (W,).
The nonlinear recurrence (4.1.1) is better visualised by using the duplication

formulas:

Woni Wi = Wy o W2 — W, W2, for all n > 2, (4.1.2a)
WoaWoW? = W s W, W2_ — W, W, W2, for all n > 3. (4.1.2b)

Theorem 4.1.2. A sequence (W,,)n>1 of elements of K with Wi WoWs5 # 0 is an
EDS if and only if both (4.1.2a) and (4.1.2b) hold.

Proof. Equation (4.1.2a) follows from (4.1.1) by replacing m by n + 1, and n by
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n. Equation (4.1.2b) follows from (4.1.1) by replacing m by n+ 1, and n by n — 1
in (4.1.1).

Conversely it is seen by induction on Equations (4.1.2a) and (4.1.2b), that
every subsequent positive indexed term is determined by the initial terms W7y, W,
W3, Wy. Hence if two EDSs W and W’ agree on Wy, Wy, W3, Wy they agree on all
terms, and so must be equal. For (4.1.1) to follow from (4.1.2a) and (4.1.2b) we
must apply an induction on m and n for each equation to show they are equivalent
to (4.1.1). O

The next two theorems determine when an EDS arises from given initial values,

with the second giving a criteria for an EDS to be integral.

Theorem 4.1.3 (Ward [45]). Given three rational numbers Wy, W3, and Wy,
then there is an EDS with initial values Wy = 0, Wy =1, Wy, W3, and Wy, unless
Wy =0 and Wy # 0. Moreover the solution is unique if Wy and W3 are not both

ZET0.

Theorem 4.1.4 (Ward [45]). Let (W,,) be an EDS with Wy = 0, and the first four
terms integers: Wi = 1, Wy, and W3 not both zero and having Wy | Wy. Then
(W) is an EDS, having all terms integers and the divisibility property of W, | W,
whenever m | n. Conversely given three integers Wy, W3, and Wy with Wy | Wy,
there exists an EDS (W,,) with initial terms Wy =0, Wy = 1, Wy, W3, and Wj.

We explain what is meant by the uniqueness of an integer EDS satisfying the

conditions of Theorem 4.1.4: by setting n = 2 in (4.1.1) we obtain
WEWerQWm,Q = Werle,lW; - W3W1W7% (413)

Hence from given terms Wy, Wy, Wy, W3, and Wy, we calculate W5 by setting
m =3 in (4.1.3) to get

B W,W3 — WWw3
= W

which since Wi = 1 has W5 an integer. In similar fashion we construct the entire

Wi (4.1.4)

sequence. Therefore any integer EDS is uniquely defined by its first five terms.
The solutions to the recurrence in (4.1.1) satisfy a more general recursion re-

lation given by
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Theorem 4.1.5.
WoniaWin-aWE = Wi W e W2 — W Wy W2 for allm, n, t € Z. (4.1.5)

Proof. Using recurrence (4.1.1), we work out expressions for W, W,, W2W?
and Wn+th_tW31W12.

Won i iWon aWEWE = W2 (Wi a Wo a WP = W Wy W2) (4.1.6)

for all mt € Z.
Wt Ward WEWE = W2 (W a Woa W2 = W Wi W) (4.1.7)
for all n,t € Z. Now subtract (4.1.6) from (4.1.7) to give

W (Wt Wi W= Wi a Wy W2 ) = W2 (Wois W a W2 = W W W)
= WininWnnWEW} forall m, n, t € Z,

where we have used (4.1.1) for the term in parentheses. O

Lemma 4.1.6 (Ward [45, Lem. 4.1]). Let (W,,) be an EDS with Wy = 1, WoW3 #

0; if two consecutive terms are zero in (W), then W,, =0 for all n > 4.

Theorem 4.1.7. Let (W,,) be a nondegenerate EDS. Then, if Wy, # 0, (Won /Wi )n>1
is an EDS. In particular (W,, /W) is an EDS.

Definition 4.1.8. By Theorem 4.1.7 if (W,,) is an EDS then so is (W,,/W;). We
shall term (W,,/W,) a normalised EDS.

The next Theorem shows the antisymmetric property of EDSs.

Theorem 4.1.9. Nondegenerate, normalised elliptic divisibility sequences (W)
have Wy =0, Wy =1, and W_,, = =W, for alln € 7Z.

Proof. Set m = n = 0 in (4.1.1) to see that Wy = 0. Normalised by definition
has W, = 1. Now setting n = 0 in (4.1.1) gives W2W2Z = —W,W_; W2 for all
m € Z, and so (unless all terms W,,, = 0) W_; = —Wj. Finally setting m = 0
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in (4.1.1) gives W, W_,W? = WiW_1W? = —W2W} for all n € Z, from which
W, =-W_,. ]

Ezample 4.1.10. (a) The sequence of integers Z is an EDS.
(b) The sequence
0 if3|n,
n
() =<1 ifn=1 (mod3),
—1 ifn=-1 (mod 3).

is an EDS, where () is the Legendre symbol. (This example is due to Ward [45].)
Its first few terms are

1,-1,0,1,-1,0,1,—1,0,1,-1,0,. ..
(c) The sequence starting Wy =1, Wy = 3, W3 = —112, W, = —49,

1,3, —112, —49, 1403605, — 1414564928 *__ 1971963612493,

3

1738288005631793 929124848554454376272 314503959758917164126632455
9 ) 3 ) 27 PICIRE

is an noninteger EDS, even though its seed is made up of integers, because Wy t Wj,.
(d) The sequence starting Wy = 1, Wy = 10, W3 = 171, W, = —7660,

1,10,171, — 7660, —12660211, —22652313570, —58809175344521,
1735132266687114280, 357172782187144055262201,
115455343251682907198856192050, . . .

is an integer EDS; since the seed is made up of integers with Ws | Wj.

We will come across Example 4.1.10 (d) again in Chapter 6, when we find its
terms are intimately linked with the denominators of multiples of the point (3,5)

on the elliptic curve y? = 23 — 2.

Definition 4.1.11. Given two EDSs (W,,) and (W)), if there exists a rational
contant § € K* such that the sequence (W) is defined by

W! =" 'W, forallneZ, (4.1.8)
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then (W,,) and (W))) are said to be equivalent EDSs.

Theorem 4.1.12. Let (W,,) be an EDS, and let § € K*. Then (6" ~'W,) is also
an EDS.

Proof. Let V,, = 6™ ~'W,, then

Vm—i—nvm—n‘/f _ 0(m+n)2—1Wm+n9(m—n)2_1Wm_nW12
= 02 (W W W = Wit Woa W72
_ 0(m+1)2—1Wm+10(m—1)2—1Wm_162(n2—1)Ws
. 9(n+1)2—1Wn+19(n—1)2—1Wn_192(m2—1)W31
= erlvvmfl‘/n2 - Vn+1vnflv7i

and so (V},) is an equivalent EDS to (W,,) as required. O

4.2 Normalised EDSs and Elliptic Curves

The next Theorem due to Ward shows how EDSs arise from the values of division

polynomials of an elliptic curve. We will write ¥,,(P) for ¥,, evaluated at the point
P = (3717 yl)

Theorem 4.2.1 (Ward [45, Thm. 12.1]). Let E/K be an elliptic curve given by
E:y* +axy + asy = 2% + asx® + aux + ag (4.2.1)

and let P € E(K) be a nonzero point. Then the sequence (W,,) defined by
W, =V, (P) for alln > 1, (4.2.2)

where W, is the n™ division polynomial for E, is a normalised EDS.
Proof. See Ward [45, Thm. 12.1]. O

We also have that given an integer EDS starting W, = 1, WolW3 # 0 and
Wy | Wy, then there exists an elliptic curve £ = C/A (for some lattice A) and a
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complex constant z € A such that
Wy, =V,(zA) = ——F—=

where o(z; A) is the Weierstrass function associated to A.

Moreover, the modular invariants go(A) and g3(A) associated to the lattice A,
and the Weierstrass functions p(z,A) and ¢'(z,A) evaluated at the point z on
the elliptic curve C/A are all in the field Q(Wa, W3, Wy). This shows that go(A),
g3(A), p(z,A), and ¢'(z,A) are all defined over the same field as the terms of
the sequence (W,,). The rational expressions for g2(A), g3(A), p(z,A), ¢'(2,A) in
Q(Wy, W3, W) may be found in [45, Eqn. 13.6, 13.7, 13.5, 13.1] respectively.

Now when an EDS W is associated to a specific curve-point pair (F, P) we

shall write W = W p for clarity.

4.3 Curves from Nets of Rank 1

We have already seen in Proposition 2.3.9 how the Weierstrass equation for an
elliptic curve E is unique up to an admissable change of variables as given in

(2.3.19). A unihomothetic change of variables is of the form

¥=x+r, Yy =y+sr+t, (4.3.1)

with r, s, t € K and v = 1 in (2.3.19).
We can now give explicit formulae to describe an elliptic curve arising from an
EDS of rank 1. These were originally due to Ward [45, Thm. 12.1], but we give

Swart’s more succinct version here.

Theorem 4.3.1 (Swart [39, Thm. 4.5.3]). Let (W,),>1 be a normalised nonde-

generate EDS. Then there exists an elliptic curve with Weierstrass equation
E: y2 + a1y + asy = 3+ a2x2 + a4 + ag,

such that W = Wg p with point P = (0,0). It is unique up to a unihomothetic
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change of coordinates (4.3.1), with the a; being given by

. W4 + W25 — 2CL4W2W3

v
G — WQW:))Q + (Z4(W4 + WQB) — CLZWQWg
2 — W23W3 )

as = WQ, ay — 1, Qg — 0.

Proof. We have the division polynomials ¥y, ¥y, U3, and U, are invariant under
the unihomethetic change of variables (4.3.1). Then a calculation checks Wg p
agrees with W at the first four terms and so Wrp = W. Conversely suppose
W = Wg pr. After applying a unihomethetic transformation (4.3.1) taking P’
to (0,0), and a4 to 1, substitution of the division polynomials into the equations

above verifies that a; = a; for all 1. O

FExample 4.3.2. The simplest, unbounded, nonsingular EDS is given by the seed
[1,1,—1,1]. Its first few terms are

1,1,-1,1,2,—1,-3,—5,7, —4, —23,29, 59,129, . ..

It is associated to the point P = (0,0) on elliptic curve E: y* +y = 2% — 2. Tt
is the ‘simplest” EDS due to the fact that F has the smallest conductor, N = 37,

for elliptic curves over Q of positive rank.

4.4 Integrality

If £/Q has defining Weierstrass equation with integer coefficients, and P = (1, 1)
is an integer point on E, then the ring R = Z[ay, as, as, a4, ag) is then just Z, and
U, (z1,71) € Z for all n.

Theorem 4.4.1. Let R be an integral domain with field of fractions K. Let Wy,
Wy, W3, and Wy in R be such that W1 divides each of Wy, W3, and Wy, and such
that Wy | Wy. Then there is a unique EDS (W,)n>1 in K with W; € R for all i
having seed [Wy, Wy, W3, Wy|. Moreover;
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(a) (W,) is a divisibility sequence, in the sense that

m|n= W, | W,.

(b) If R is a principal ideal domain and ged(Ws, Wy) = 1, then (W,,) satisfies the

stronger divisibility relation

ged(Wi, Wh) = Weed(mon) for allm, n > 1.

Proof. We know there is a unique EDS in K with this seed. That W; € R for all ¢
is proved by induction, by in fact proving Wy | Wy, and Wy | Wy simultaneously.

For (a) we proceed by induction. Assume that
Wy | Wy whenever s |t for s<t<n.

This is true for n < 5. Hence take n > 5, and let n = wv. Thus we need to show
W, | Wy, where we can take v > 2, v > 2. If v = 2k then n = 2uk and (4.1.2b)
gives

Woue WoW? = Wt (Wak oWy = War—o Wiy )

Then W, divides the term in the parenthesis. Also by hypothesis W, | Wy as
u < uk < n, so we have W, WoW2 | WoWoW?2 from which W, | W,,.
If v is odd then w and wv are of the same parity. Setting m + n = wv and

m—n=uin (4.1.1), where m = Ju(v + 1), n = Ju(v — 1)

Wququ = Wu(v+1) +1W’LL(’U+1)_1W5(U—1) - Wu(v—1)+lwu(v—1) _lwi(v-f-l) .

2 2 2 2 2 2

By hypothesis W7 | W, .,y and W2 [ W2, ,. Hence WZW} divides the RHS,
and so W2W32 | W, ,W, W from which W, | W,, as required.
For (b) we need the following result:

Theorem 4.4.2. Suppose R is a PID, (W,,) is an EDS in R and p in R is a prime
divisor of W,,. Then
Vp(Winn) = v,(Wh) 4+ vp(m), (4.4.1)
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where v,(a) is the mazimal integer t such that p* divides a, for a in R nonzero.
Proof. See [10, Lem. 1]. O

Proof of (b) Let d = ged(m,n), and write m = ad, n = bd for some a, b € Z. By
(4.4.1), for any prime p | Wy we have

p(Waa) = vp(Wa) +vp(a) and v, (Wap) = vp(Wa) + v, (D).

Since ged(a, b) = 1, at least one of v,(a) or v,(b) is zero. Hence

up(ged(Wi, Wh)) = min{v,(Waa), vp(Wan) }
= min{v,(Wa) + vy(a), v,(Wa) + v,(b) }
= vp(Wa)
= Up(Weed(m,n))-

Therefore if p | W, then p | ged(W,,,, W) to the same order. On the other hand,
if a prime p divides both W,, and W, then reducing modulo p the m'" and n'®
multiple of the point P, writing W = W p for some point P on the elliptic curve
E, gives [m]P = [n]P = O (mod p). But d = ged(m,n), therefore [d|P = O
(mod p) and so p | Wy. O

Remark 4.4.3. We have defined an EDS (W,,) given by [Wy, Wy, W5, Wy], to be
a sequence of terms in a field K which satisfy (4.1.1). Ward [45] defined things
slightly differently. Firstly Ward confined himself to the rationals Q, and the finite
fields F,. If a sequence obeyed (4.1.1) but contained any nonintegral terms it was
termed an elliptic sequence. The only sequences of any arithmetical interest to him
were termed proper sequences, these being solutions to (4.1.1) with the following
conditions: Wy =0, Wi =1, WoW3 # 0. For Ward an EDS was defined as follows:
Let (W,) be a proper solution of (4.1.1). Then (W,,) is an elliptic divisibility
sequence if and only if Wy, W5, W, are integers and Wy | Wy. Moreover he proves
that (W,) is then uniquely determined by W5, W3, and Wj.

So for Ward, and various authors after, the term EDS is reserved for proper

integral sequences with seed [1, Wy, W35, cW5] with ¢ € Z. We do not make this
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distinction, and for us Ward’s elliptic sequences are now EDSs.

Corollary 4.4.4 (Swart [39, Corollary 4.5.4]). The EDS (W,,) having associated
elliptic curve E is an integer valued EDS if and only if E has integer values of as,
bg, and b4bg.

Proof. (W,,) is an integer EDS if and only if W5, W3, and %‘2‘ are integers. Since

W2 = as, W3 = bg, and % = <b4bg — aé),

we thus require ag, bg, and bybg to be integers. O

4.5 Periodicity of EDSs

This Chapter shall look at the periodicity of integer EDSs modulo primes. Ward
showed every prime occurs as a primitive divisor at some point in an integer EDS

(a prime p is a primitive divisor of W, if p | W, and pt W Wy - W, _4).

4.5.1 Rank of Apparition

Definition 4.5.1. Let m be an integer. The rank of apparition (or rank) r(m)
of m in an integer EDS (W),,) is the smallest integer r(m) such that W,y =0

(mod m).

When no confusion can arise we shall sometimes drop the parenthetic m and
refer to the rank of m simply as r.

The idea of the rank of an integer results in periodic behaviour which is of use
in studying properties of EDSs. The next result illustrates a degenerate condition

whereby an EDS does not have a rank.

Theorem 4.5.2 (Ward [45, Thm. 6.2]). Let (W,) be an integer EDS. A neces-
sary and sufficient condition that a prime p has a rank of apparition r(p)elliptic

divisibility sequencelrank of apparition is that p t ged(Ws, Wy).

The next result shows the periodic behaviour of the rank.
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Theorem 4.5.3 (Ward [45, Thm. 5.2]). Let (W,,) be an integer EDS and let r(p)

be its rank of apparition for prime p. Then
W,=0 (modp) ifandonlyif n=0 (mod r(p)).

Using the Hasse bound from Theorem 2.11.3 on the number of points on an
elliptic curve over a finite field the next Theorem was independently proved by
Ayad and then Shipsey.

Theorem 4.5.4 (Ayad [3], Shipsey [32]). An integer EDS admits every prime p

as a divisor, with the rank r(p) obeying the following bound

r(p) <p+1+2p.

This means any integer EDS has 2 appearing as a factor by at least the fifth
term, 3 appearing as a factor by at least the seventh term, 5 appearing as a factor
by at least the tenth term, and so on. The periodicity inherent in EDSs is a
consequence of the periodicity of the Weierstrass o-function.

Let us now consider the rank of primes p raised to integer powers s > 1 and

label these ranks as r(p®).

Theorem 4.5.5 (Swart [39, Thm. 4.7.5]). Let p be a prime with r(p) > 4 in an
nondegenerate integer EDS (W,,). Let p* || W,.
If p is odd, or p =2 and w > 2, then for s € Z>1, p° has rank given by

s r(p) if s <w,
r(p®) = ,
pr(p*™h) if s > w.
If p=2 and w =1 then for some v > 2,
r(p) if s =1,

r(p®) =4 2r(p) if2<s<uw,
2r(p*™h)  if s > w.

For odd p and s > k > w, this means r(p*) = p*~*r(p").
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4.5.2 Periodicity

We now investigate the periodic properties of integer EDSs modulo primes p. Ward
showed that an integer EDS (W,,) with rank of apparition r(p) > 4 is periodic with
period m,(W,,) = r7, where 7 is an arithmetical function of p and (W,,) which can

be calculated (see Corollary 4.5.7), with 7 | p — 1.

4.5.3 Ward’s Partial Periodicity

We have just encountered the rank of apparition of an integer EDS (W,,). Now
with this rank of apparition, r(p), we may propose the idea that W, = Wi
(mod p), but this would be wrong. In fact the right expression is Wy(p)r11 = Wi
(mod p), where 7 is an arithmetical function discovered by Ward to work out the
correct period of an EDS which turns out to be r7, (see Corollary 4.5.7). Ward did
however find a fascinating symmetry formula describing the general case, which
gave the exact congruence relating Wi, and Wy, which he termed the ‘partial

periodicity’” pattern with respect to the rank.

Theorem 4.5.6 (Ward [45, Thm. 9.2]). Let (W,,) be an integer EDS and let p > 3
be a prime, with rank of apparition r(p) > 3. Then there exist integers a, b that

satisfy the periodicity congruence
Wipsr = d*b" Wi (mod p)  for all 1, k € Z,. (4.5.1)

Moreover the integers a and b may be explicitly computed via the congruences

WolW?2
a=—"2-"(modp), b=-—1=1

AT W (mod p). (4.5.2)

The following Corollary gives a method for computing 7 and thus makes explicit
the relation between the rank of apparition, if greater than 3, of an odd prime and

the period of the sequence.

Corollary 4.5.7 (Ward [45, Thm. 11.1)). Let (W,) be an integer EDS and p an
odd prime with rank of apparition r(p) greater than 3. Let ¢ and k be the orders of
Wy /W,_o and W,_1 respectively modulo p. Then (W) is periodic modulo p with
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period m,(W,,) = r7 where

7 = 2%lem(e, k), (4.5.3)
and
1 if € and Kk are both odd,
a =19 —1 ife and K are both even and divisible by the same power of 2,

0 otherwise.

(4.5.4)

In his derivation of Corollary 4.5.7, Ward uses the invariants g and g3 of the
elliptic function representation of the EDS. To this end he derives polynomials
for go and g3 in terms of Wy, W3, and W, with integral coefficients divided by
powers of 2, 3, Wy, and W3 (see [45, Eq. 13.6, 13.7]). Hence, with respect to
Corollary 4.5.7, the rank has to be greater than 3, and the primes 2 and 3 have to
be considered separately.

Ward checks all the eight a priori sequences modulo 2, distinguishing between
them by the posible residues of Wy, W3, W, modulo 2, and finds only six are
possible. He finds two of these sequences have r > 3 and 7 = 1. However on using
(4.5.3) we arrive at an erroneous value of 7 = 2. Hence the restriction to odd
primes is necessary.

Ward then checks the twenty-one possible sequences modulo 3 and explicitly
works out by hand the values of the rank and period by using the duplication
formulas (4.1.2a) and (4.1.2b) modulo 3; in the twelve cases where the rank is
greater than 3, Ward also lists ¢, k, and 7. His table in [45, Ch. III] shows
Corollary 4.5.7 to be true for p = 3.

The next result of Ward’s completely characterises integer EDSs modulo primes

with ranks of apparition 2 or 3.

Theorem 4.5.8 (Ward [45, Thm. 7.1]). If a prime p has rank of apparition 2 in
an integer EDS (W,,), and p t ged(W5, Wy) then

0 (mod if n =2k,
W, = ( ( p) f
(_

1
1)z* k_l)Wfk(Hl) (mod p) ifn=2k+1.
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If a prime p has rank of apparition 3 in an integer EDS (W,,), and p 1 ged(W3, Wy)
then
0 (mod p) if n = 3k,

(_Wz)%k(k—l)Wfk(kJrl) (mod p) ifn=3k+1,
1
_<_W2)ék(k+1)<k+2)w42k(k+1) (mod p) ifn — 3k +2.

W

Corollary 4.5.9. Let E/Q be an elliptic curve and P € E(Q) be a nonzero point.
The period of (¥, (P),®,(P),2,(P)) modulo a prime p is rr.

Proof. By Theorem 4.2.1 we have the fact that the division polynomials for an
elliptic curve E/Q evaluated at a nonzero point P € E(Q) form a normalised
EDS (W,) defined by W,, = ¥,,(P) for n > 1. Since the period of the sequence
(W,) is r1, so is the period for (¥, (P)). Now by Theorem 3.1.11 we recall the
formulas ®,, = 202 — ¥, 1V, 1, and Q,, = (4y) (U, 1202 | — U, 02 ) and so
©(P) = 2(P)W3 =Wy 1 Wopa, and Q,(P) = (4y(P)) ™ (Waia Wi =W W),
Hence ®,,(P), and 2, (P) are also periodic with period r7. O

Ezample 4.5.10. Take the the rank 1 elliptic curve Essrq;: y? +y = 2° + 2% — 422 +
110 with generator point P = (0,10), where 357d1 is its Cremona reference. It
has an associated EDS (W (357d1),,) = [1, 21, —1323, —1750329].

Over Fy the sequence has r(2) = 5, with period m (W (357d1),,) = 5:

(W(357d1),,) = [1,1,1,1,0] (mod 2).

Over F3 the sequence has r(3) = 2 since Wy = 21 = 3 - 7. Therefore we cannot
use Corollary 4.5.7 to work out 7 since the rank has to be greater than 3. Also since
3 divides W5 = —337% as well as Ws, when looking modulo 3 these two consecutive
terms are zero, and so by Lemma 4.1.6 this means the sequence modulo 7 looks
like

(W(357d1),) =[1,0,0,0,0,0,0,0,0,0,...] (mod 3)

with every term bar W; equal to zero.
Over Fj5 the sequence has r(5) = 9, with period 75(W (357d1),) = 18:

(W(357d1),,) = [1,1,2,1,3,4,3,2,0,3,2,1,2,4,3,4,4,0] (mod 5).
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Over F; the sequence has 7(7) = 2, since Wy = 21 = 3 - 7. Therefore by the

exact reasoning for p = 3 above we have the sequence over F; look like
(W(357d1),,) =[1,0,0,0,0,0,0,0,0,0,...] (mod 7)

with every term bar W; equal to zero.
Over Fy; the sequence has r(11) = 15, with period 71 (W (357d1),,) = 150:

(W(357d1),,) = [1,10,8,2,3,8,4,3,2,3,8,7,2,3,0,7,5,5,5,8,1,2,6,5,8,1,9,
4,2,0,5,8,10,7,3,7,1,1,7,3,7,10,8,5,0,2,4,9,1,8,5,6,2,1,8,5,5,5,7,0, 3,
2,7,8,3,2,3,4,8,3,2,8,10,1,0,10,1,3,9,8,3,7,8,9,8,3,4,9,8,0,4,6,6,6, 3,
10,9,5,6,3,10,2,7,9,0,6,3,1,4,8,4,10,10,4,8,4,1,3,6,0,9, 7,2, 10,3, 6,5,
9,10,3,6,6,6,4,0,8,9,4,3,8,9,8,7,3,8,9,3,1,10,0] (mod 11).

Over Fy3 the sequence has r(13) = 13, with period m3(W(357d1),,) = 26:

(W(357d1),,) =
[1,8,3,4,6,8,1,9,7,11,1,8,0,5,12,2,6,4,12,5,7,9,10,5,12,0] (mod 13).

4.6 The Sign of an EDS

Definition 4.6.1. If (W) is an integer EDS, then so is ((—1)""'W,,), termed the
inverse of the EDS (WW,,).

Theorem 4.6.2 (Silverman & Stephens [36, Thm. 1]). Let (W,) be an integer
EDS. Then after replacing (W,,) by ((—1)""'W,,) if necessary, there exists an ir-

rational number 5 € R such that

sign(W,,) = (=) for all n. (4.6.1)

(—=1)"81+2 if n is even,
sign(W,,) = (4.6.2)
(-1)= if n is odd.

(Here [t] denotes the greatest integer less than or equal to t.)
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4.7 Denominator Divisibility Sequences

Let £/Q be an elliptic curve given by a Weierstrass model
E:y? + ajzy + asy = 2° + apr® + asw + ag. (4.7.1)

Let P € E(Q) be a point on the elliptic curve that is not the identity, then P can

be expressed as

Ap CP) (4.7.2)

P = (a(P), y(P)) = (BP -

with Ap, Bp, Cp € Z, gcd(Ap, Bp) = ged(Cp, Bp) = 1, and Bp > 1. (Note that
by the extended Euclidean algorithm if a, b, ¢ € Z with ged(a, b) = ged(c,b) = 1,

there exist integers s, t, u, v € Z such that as + bt = cu + bv = 1. Hence

1 = (as + bt)(cu + bv) = ac(su) + b(ctu + btv + asv)
=acU + bV

where U = su and V = ctu + btv + asv. Hence the conditions gcd(Ap, Bp) =
ged(Cp, Bp) =1 are equivalent to the more concise gcd(ApCp, Bp) = 1.)

Definition 4.7.1. Taking the multiples of a nontorsion point P € F(Q), where
E is given by (4.7.1) and P is given by (4.7.2). The n'® multiple of P is given by

[n]P = (A”P C"P> (4.7.3)

2 7 PR3
BnP BnP

with Anp, Bnp, Cnp € Z, ng(Anp, Bnp) = ng(Cnp, Bnp) = 1, and Bnp Z 1. The
denominators of these points form a divisibility sequence (B,p). We shall term

this a denominator divisibility sequence (DDS).

This thesis will be interested in the sequences (B, p) that the elliptic denomi-
nators of multiples of points on elliptic curves make.

For brevity we shall tend to drop the subscript P from the definition given
in (4.7.3) and write our DDSs as just (B,,). As well, in a lot of cases, the (B,p)
form an integer EDS if each member of the sequence is given the correct sign in

accordance with that occuring in the recurrence (4.1.1).
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Therefore geometric construction via rational points on elliptic curves yields a
divisibility sequence (B,,p) of positive integers, whereas algebraic construction via
recursion (4.1.1) yields an elliptic divisibility sequence (W,,) of signed rationals.

We have seen that the n'® multiple of a point can be described in terms of the

so called division polynomials

Pl y) Qu(z,y)
nlP = (@%(x,yr i(z.y)

) if [n]P % O. (4.7.4)

Recall that Ayad in Theorem 3.2.4 has shown that any cancellation occurring
between the numerator and the denominator of (4.7.4) happens exactly at the
primes of singular reduction at P.

To investigate the relationship between the B,p and the ¥, (P), we find on
comparing equations (4.7.3) and (4.7.4) that

vp(2([n]P)) = vp(Anp) = 20p(Bup) = vp(Pn(P)) = 20p(Vn(P)). (4.7.5)

Now if p ¥ Bp then v,(®,(P)), and v,(¥,(P)) > 0. By Ayad’s Theorem 3.2.4
we see that if P reduces to a nonsingular point, and if P # O (mod p), which is
equivalent to p 1 Bp, then v,(®,(P))v,(V,(P)) = 0. In which case by (4.7.5) if
vp(z([n]P)) > 0, then since ged(A,p, Byp) = 1, we have v,(B,p) = v,(¥,(P)) = 0.
Similarly if v,(z([n]P)) < 0, then we have v,(B,p) = v,(V,(P)) = —1v,(z([n]P)).
This implies the following proposition.

Proposition 4.7.2. Let E/Q be an elliptic curve such that all a; € Z. Let P €
E(Q) be a nontorsion point such that P # O (mod p) for some prime p, and let
(Bnp) be the DDS associated to E and P. Then if P modulo p is nonsingular, we

have

Up(Bnp) = vp(Vn(P)).

Note that, in general, we do not have B,p = |¥,(z,y)| since the rational

number A,,/B? has A,, and B, coprime, but we cannot be sure
ged(®,(P), T3 (P)) =1

as there may be some bounded cancellation when evaluated at a point P. If
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we drop the condition that P Z O (mod p) from Proposition 4.7.2 we have the

stronger result for a scaled version of ¥, (P)
U, (P) = BY W, (P).
Then if P modulo p is nonsingular for all primes p we have
Byup = [W,(P)].
Referring to (4.7.4) we find the scaled versions for ®,(P), and €2, (P) to be
®,(P) = B%°®,(P), ,(P)=B¥Q,(P).

Then if P modulo p is nonsingular for all primes p we have

(See [2]).
Ingram [23] has given a quantitative bound showing the extent of the cancel-

lation of this fraction. For the Lemma we shall fix some notation: Let r(P,p) be
the order of P in the finite group E(Q,)/Eo(Q,). Now set

M(P) =lemr(P,p),

as p varies over all primes.

Lemma 4.7.3 (Ingram [23, Lem. 3]). Let E/Q be an elliptic curve, let P € E(Q)
be a nontorsion point, and have B,, V,, and M be as defined above. Then for
n>1,

log B, < log |V, | <log B, +n*M?log |A(E)|.

4.7.1 The Singular Situation

We now explain why a DDS is not necessarily an integer EDS by merely adding
in the right signs. The following example illustrates the singular example given by

Shipsey in [32], and how this fails to give us an integer EDS.
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After moving P — (0,0) we have a Weierstrass equation of the form
E:y* + ayxy + azy = 2° + a2® + aqz. (4.7.6)

Let

flz,y) = 2% + agx® + ayr — Y* — ayzy — azy

with partial derivatives % = 322 + 2a97 — a1y + a4 and g—i = =2y — a1r — as,
where at P = (0,0)

0 0

(’3;];(0’0) =ay, and a’;j(0,0) = —as.

Hence both derivatives vanish at the origin when reduced at those primes dividing
both a3 and a4. Hence it follows that if ged(as,ay) = 1 then P = (0,0) has
everywhere nonsingular reduction, while if ged(as,as) > 1 then P = (0,0) is

singular modulo primes dividing ged(as, ay).

Ezample 4.7.4. In her thesis Shipsey shows P = (0,0) on
E:y? + 27y = 2% + 2822 4 27x
is not associated to an integer EDS. We see P is singular modulo 3, since on letting
f(z,y) = 2® + 2822 + 27z — y* — 27y,

we have

91 0.0y = ay = 3° 9f 10 0) = —ay — 3°
ax(O,O)—a4—3 and ay(O,O)— as = 3°.

However we note 3P = (—1, —27) is nonsingular modulo every prime since

of _ Of /o ooy _ a3
5 (-1,-27) = ~2-13 and 8y( 1,-27) = -3,

Hence 3P does have an associated integer EDS since the partial derivatives there

are coprime.

Example 4.7.5. The integer EDS U with seed [1,10,171,—7660] from Example
4.1.10 (d) has an associated elliptic curve-point pair: E: y?> = 23 — 2, P = (3,5).
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See Table 4.7.1 to see that Byp = |Uy| for 1 < k < 4, and so the EDSs (U,,) and
the DDS (B,,p) are the same if we give the DDS the correct sign.

po (22 By —1
129 —383

2P = Byp =1

(100 1ooo> 2p = 10

164323 —66234

F)::< 64323 —6623 835) By — 171
29241’ 5000211
9340922881 113259286337279

[4]P = ( ) ) Bip = 7660

53675600 ' 449455096000

Table 4.7.1: DDS associated to Elliptic Curve E: y*> = 23 — 2 and Point P = (3,5)

If we had used [2](3,5) = (%, %) to generate the EDS instead, we would

have a noninteger EDS, V' say, having seed

1,5 TR, A
with the DDS seed [10, 7660, 22652313570, 1735132266687114280], i.e., the DDS
containg all the elliptic denominators of the even multiples of P.

We note V' is equivalent to an integer EDS V' by V! = 201V, to give the
seed for V'’ being [1, —6128, —579899227392, 5685681411480336072704].

Example 4.7.6. Recall the EDS (W (357d1),,) from Example 4.5.10 having the seed
(1,21, —1323, —1750329]. It has the associated rank 1 elliptic curve Essrq;: y?+y =
23 + 2% — 422 + 110 with generator point P = (0, 10). We note that since P is an
integral point then P #Z O (mod p) for all primes p. However since Wy = 3 - 7,
and W3 = —33 . 7% we have by Theorem 3.2.4 that P reduces to a singular point
modulo primes 3 and 7. In Table 4.7.2 we see the valuations for the EDS and the
DDS are the same for all primes except p = 3, and p = 7. Hence r(3) = r(7) = 2,
for the EDS, but for the DDS we find these primes occur first at 75(3) = 14 and
rs(7) = 12, the s subscript indicating ‘singular’.
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EDS :
DDS :

EDS :
DDS :

EDS :
DDS :

EDS :
DDS :

EDS :
DDS :

0
1

_9.310 76
2

_o2 342 725
92

—2.396.756 13
2. 11

_93 . 3171 7100 59
23 .29

1 3.7 —33.72

1 1 1

315 79 321 712 327 716

1 1 1

_ 351 . 730 361 737 372 . 742 g3

1 7 13

_3109 764 5 3123 272 gr 3138 5 81 1y
37 97 5.7

_3189 5110 349 _3207 7121 157 3226 7132 o3, 139
349 151 23 -139

_36

_334 . 5.

385 .

3154 790

3246 | 145
7

.74

- 191

191

- 673

673

Table 4.7.2: EDS (W (357d1),,) and associated DDS coming from Elliptic Curve
Essrar: y? +y = 2% + 2% — 422 + 110 and Point P = (0, 10)



Chapter 5

Modularity of Elliptic Curves

5.1 Modular Machinery

The following treatment of the modular machinery needed is heavily borrowed
from Siksek [11, Ch. 15]. We now recall definitions and properties of modular

forms.

Definition 5.1.1. By a newform of level N we mean a cusp form of weight 2 with-
out character on I'g(N), which belongs to the newspace and is normalised so that
c¢; = 1 in the Fourier expansions around oo, and is a simultaneous eigenfunction

for all the Hecke operators. Newforms have ¢g-expansions given by
fr) =g+ cad", q=e""r. (5.1.1)
n=2

We summarize some crucial facts about newforms:

» For each positive integer N, there are finitely many newforms of level N, as

determined by the modular symbols algorithm.

o If fis a newform with coefficients ¢, as in (5.1.1) and K = Q(c,c3,...)
then K is a finite and totally real extension of QQ, that is it is a totally real

number field.

e The ¢, are algebraic integers belonging to the ring of integers Zg of the
number field K. If K = Q then ¢, € Z and the newforms are termed
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rational and correspond to elliptic curves. Otherwise they are irrational and

are associated to higher dimensional modular abelian varieties.

o Let L be the Galois closure of K, then if ¢ is an element of Gal(L/K) and f
any newform then o(f) is also a newform termed a conjugate of f. We will

usually identify a newform up to Galois conjugacy.

o If £ is a prime then |c,| < 2¢%/2, and in fact this is true for the conjugates
of f and so |o(c,)| < 2¢'/2. This is the Ramanujan conjecture, proven in

generality by Deligne.

It turns out it is much easier to deal with irrational newforms. The next Propo-
sition gives a recursive formula for the number of newforms of level N (no closed
form for the number of newforms up to conjugacy is known). The formula follows
from the dimension formula for the space of cuspidal modular forms on I'¢(V) of
weight k (k > 2 even). The formula itself may be found in [25].

Proposition 5.1.2. We define five arithmetic functions A;(N) for 1 <i <5 by
asking that they be multiplicative, and that their values on prime powers p* be given

as follows:
(a) Ai(p) =—1, Ai(p*) =0 for k > 2.
(b) Ay(p) =p—1, A(p*) =p° —p—1, A(p") = (p -1 —p*?) for k> 3.

(c) Forp odd, As(p) = (_—4) —1, A3(p?) = — (_—4), Asz(p*) = 0 when k > 3, while

p p
A3(2) = A3(22) —1, A3(23) = 1, and A3(2k> =0 fO’I” k Z 4.

(d) Forp+#3, Ay(p) = (‘—3) —1, Ay(p?) = — (_?3), Ay(p*) = 0 when k > 3, while

p
A4<3) = A4(32) —1, A4(33) = ]., and A4<3k) =0 fO?" k Z 4.

(e) As(p?) = p—2, As(p**) = p*2(p — 1)%, for k > 2, while A5(p**~1) = 0 for
k> 1.

The number of newforms of level N (counting conjugate ones as distinct) is equal

to
AV) + Agl(é\]) - Agizv) - A4(3N) - A5;N)'
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Corollary 5.1.3. There are no newforms at levels
1,2,3,4,5,6,7,8,9,10, 12, 13, 16, 18, 22, 25, 28, 60.

Moreover, for all other levels there are newforms.

Proof. Follows from an immediate (computer-aided) computation from the propo-

sition. O

Ezample 5.1.4. If N = 198 = 2- 3% - 11 we compute A;(198) = 0; A5(198) = 50;
A3(198) = 2; A4(198) = —4; A5(198) = 0: the formula gives the number of

newforms as

Using Sage [38] we find all five newforms are rational, for which K = Q.

fi=a—@+q" —2¢"—4¢" —¢® +2¢" + ¢"" = 64" + - -,
fr=a+ @ +q" +2¢" + ¢ +q" —4g" +2¢" -
fa=a+ @ +q" +2¢" + ¢ — " + 20" +2¢" -
fima—=+q" +2¢" = +¢" +2¢° —2¢" + -
fi=a—a"+q"+4¢ —2¢" —¢* —4¢"° —¢" +4¢" + -

If N =594 =2-3%11 we compute A;(594) = 0; A2(594) = 160; A3(594) = 0;
Ay(594) = 4; A5(594) = 0: the formula gives the number of newforms as

Using Sage we find there are eight newforms in the conjugacy class for which K =
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Q, while there are four newforms in the conjugacy class for which K = Q(1/10).

fi=a—a+4¢" -2 +q" ¢ +2¢° —¢" — -,

fr=a-C+a'+@+4¢" ¢ = ¢ — "+
fa=a—@+4q" =3¢ —4¢" —¢* +3¢"° —¢" -+,
fima—+q" =20 —q" =" +2¢"° + ¢+

=+ +d"+2¢ — ¢+ +2¢° — ¢ + -,
fo=a+@+d' = +4" + ¢ ¢+ ¢+

fr=a+ @ +q" +2¢° + 4 + " +2¢° — ¢t =
fs=a++q"+3¢° —4¢" + ¢ +3¢" + ¢+,
fo=q—-+¢"+i1+0)"+2¢ — -3 (1 +a) ¢ +¢'" +---,
fio = 0a(fo),
fu=a+@++B -1 +2¢" ++(B-1)g" =gt + -,
fi2 = o(fu1),

where a = —3 + 2v/10, 8 = 2 4+ /10, and o is the nontrivial automorphism of
Q(v/10). We note that up to Galois conjugacy we only have ten newforms to deal
with.

Definition 5.1.5. Let E be an elliptic curve defined over Q of conductor N. If
there exists a newform f of level N such that ¢,(f) = a,(F) for all primes ¢, we

say that E is modular.

For rational newforms the map f — Ej, where E; is an elliptic curve defined

over QQ, is due to Eichler and Shimura.

Theorem 5.1.6 (Eichler—Shimura). Given a cuspidal newform f of weight 2 and

level N it is possible to construct an elliptic curve E of conductor N such that
co(f) =L+1—=[E(F)], LN

Proof. See [16, Ch. §]. O

The famed Taniyama—Shimura—Weil Conjecture, or the Modularity Conjecture,

was whether the map f — E; was surjective, that is to say that associated to any
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elliptic curve defined over Q is a newform. This was famously proved by Wiles
and Taylor-Wiles in [47, 41] for the semistable elliptic curve case and proven in

full generality by Breuil, Conrad, Diamond and Taylor in [7].

Theorem 5.1.7 (Modularity Theorem for Elliptic Curves). Let N > 1 be an
integer. Every rational newform f of level N has an associated rational elliptic
curve E;/Q with conductor equal to N such that for all primes ¢ { N we have
c(f) = ar(Ey), where co(f) is the (™ Fourier coefficient in the q-expansion of f
and ay(Ey) = €+ 1 — |E¢(F,)|. For any given integer N > 1, the association
f— Ey is a bijection between rational newforms of level N and isogeny classes of

elliptic curves of conductor N.

Proof. See [T7]. O

Looking back to Example 5.1.4 we find for the level N = 198, the rational new-
forms f; to f5 correspond to the five isogeny classes of elliptic curves of conductor
198, and have been arranged so they correspond to elliptic curves in the respec-
tive order 198al, 198b1, 198¢c1, 198d1, and 198el in the tables of Cremona [13].
Similarly for the eight rational newforms of level N = 594, they correspond to
the eight isogeny classes of elliptic curves of conductor 594. These eight rational
newforms have been arranged so they correspond to the elliptic curves in the re-
spective order 594al, 594b1, 594c1, 594d1, 594el, 594f1, 594gl, and 594h1 in the
tables of Cremona [13].

5.2 Ribet’s Level Lowering Theorem

Definition 5.2.1. Let E be a rational elliptic curve with A, the discriminant
for a minimal model of F/, and N be the conductor of E. Suppose p is a prime,
and let

N, = N/ I « (5.2.1)

a|N
Plvg(Amin)
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5.2.1 Definition of “Arises From?”

Definition 5.2.2. Let F/Q be an elliptic curve of conductor N. Now suppose
there is a newform of level N’ not necessarily equal to N, with the Fourier coef-
ficients ¢; of its g-expansion generating the number field K = Q(cg,c3,...). We
say the curve E arises modulo p from the newform f, and write £ ~,, f, if there

is some prime ideal p of K above p such that for almost all primes ¢, we have

ay(E) = ¢(f) (mod p).

Proposition 5.2.3. Suppose E ~, f. Then there is some prime ideal p in the

ring of integers Zx above p such that for all prime numbers { we have:

lf) = ay(E) (mod p) if (LY pNN', (5.29)
+(0+1) (modp) i ¢fpN and | N.

Furthermore, if Zx = Z then

alf) = ay(F) (mod p) if (4 NN', (5.23)
+({+1) (modp) iflfN and?| N.

Proof. This comes from modularity. The strengthening in the case Zyx = Z is due
to Kraus and Oesterlé [24]. For further details see [14], Chapter 2. O

If f is a rational newform, then we know that f corresponds to some elliptic
curve ' = E¢ by the Modularity Theorem. Hence if F arises modulo p from f
then we shall also say that £ arises modulo p from F', and write £ ~,, F.

The strengthening of Proposition 5.2.3 in removing the dependency on the
prime p is beneficial in the sense that p shall later become the exponent in some
equation, and so to have conditions imposed on it would complicate matters. As

such the Proposition of Kraus and Oesterlé is the one we shall need.

Remark 5.2.4. The condition that ¢t NN’ says E and F both have good reduction
at /.

The condition that ¢4 N and ¢ || N says E has multiplicative reduction at ¢,
whilst F' has good reduction at /.
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We now give a simplified form of Ribet’s Theorem which will be sufficient for

our needs.

Theorem 5.2.5 (Ribet’s Level Lowering Theorem [30]). Suppose E is a rational
elliptic curve in global minimal form and p > 5 is a prime number. Assume there
does not exist a p-isogeny defined over Q from E to some other elliptic curve.
Let N, be defined as above. Then there exists a newform f of level N, such that
E~,f.

Let £/Q have Apin = [Tgjamm ¢% and N = | I q’e. Suppose E is a Weil
curve having a modular parametrization of level N given via a normalised newform
f(r) = q+ >0 5 cnq". Ribet’s Theorem then states that we can perform a level
descent modulo primes p dividing one of the exponents J,, as long as we have
fs = 1. Then let N, be as in (5.2.1). Then there exists a newform ¢ of level N,
such that g(7) = ¢+ >0, d,,¢™ with integral coefficients having ¢, = d,, (mod p)
for 1 < n < oo. Equivalently by the Modularity Theorem there exists an elliptic
curve E' with conductor N,, with the coefficients of the L-series of £ and E’
congruent modulo p.

To apply Ribet’s Theorem we require the absence of any p-isogenies for the
elliptic curve E as explained in Theorem 5.2.5, that is there must be no subgroup
of F of order p that is stable under conjugation. We could do this by testing the
p'" division polynomial for irreducibility, but this can be tricky. Mazur has shown
there are no p-isogenies with p > 163 and j-invariant nonintegral. We list some

useful theorems for determining the lack of isogenies.

Theorem 5.2.6 (Mazur [26], Diamond & Kramer [17], Dahmen [14]). Let E/Q
be an elliptic curve with j-invariant j and conductor N. Let p be a prime. Then

E does not have any p-isogeny if at least one of the following conditions holds.
(a) p =17 and j(E) & Z[1/2].

(b) p > 11 and N is squarefree.

(c) p>5, N is squarefree, and |E(Q)[2]| = 4, meaning E(Q) has full 2-torsion.

(d) p>3andvy(N)=3,5, orT.
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(e) p=11 orp > 17 and the pair (p, j) has no corresponding entry in Table 5.2.1.

(f) E has a rational 2-torsion point, p > 7 and

(p,j) # (7,-3%-5%), (7,3%- 5% - 17%).

p J

11 —215 112, —11-131°
17 —17-373%/2'7, —17%.1013/2
19 —215. 33

37 —7-11%, —7-137%.2083°
43 —218.33 . 53

67 —215.33.5%.113

163 —218.33.53.23%.293

Table 5.2.1: Pairs (p, j) corresponding to rational isogenies

Proof. For (a), (b), (c) see [26]; for (d) see [17]; for (e), (f) see [14, Ch. 2, Thm.
29). 0

Remark 5.2.7. If E/ has no p-isogenies then Ribet’s theorem implies that £ ~, f
for some newform of level N,. Here we note that, as well as any rational newforms
of level N,, there may be irrational newforms at that level defined over number
fields of arbitrary degree, and these will also have to be taken into consideration
when considering the existence of solutions of Diophantine equtions in the sequel.

This is made precise in the following proposition.

Proposition 5.2.8. An elliptic curve defined over Q can arise from a newform

whose defining field K has arbitrarily large degree.

Proof. See [11, Prop. 15.2.9]. O
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5.2.2 A Bound for p

The next Proposition, taken from Cohen [11], will be of help when it comes to

bounding the prime exponent occurring in a Diophantine equation.

Proposition 5.2.9. Let E/Q be an elliptic curve defined over the rationals of
conductor N, and let t € Z be a divisor of the order of the torsion group Eios(Q).

Let f be a newform of level N' with Fourier coefficients c,,, which generate a totally
real field K, and let £ be a prime such that ¢*{ N and £+ N'. Define

Sp={a€cZ:-2V/1<a<2Vlanda=(+1 (modt)},
Bi(f) = Nio (€ +1)* = ) TI Nsola —cr), and

a€sSy
(By(f) if [ s irrational (K # Q),
By(f) if f is rational (K = Q).

Then if E ~, f we have p | Be(f).
Proof. See [11, Prop. 15.4.1]. ]

This proposition allows us to bound p if we can find an ¢ such that By(f) # 0.

This is not always possible but is certain in the following cases:

Proposition 5.2.10. In each of the following cases there are infinitely many £ for
which By(f) # 0:

(a) When f is irrational.

(b) When f is rational and t is a prime number or 4, for every elliptic curve F'

isogenous to the elliptic curve corresponding to f we have t1|F(Q)|.

(c) If f is rational and t = 4, and if for every elliptic curve F isogenous to the

elliptic curve corresponding to f then F(Q) does not have full 2-torsion.
Proof. See [11, Prop. 15.4.2]. O

We note for (a) if f is irrational there exist infinitely many ¢ such that ¢, & Q,
which implies By(f) # 0, at least for all those ¢ such that (¢ +1)% —¢Z # 0. Hence
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if p is a prime not dividing Bj(f) then E 4, f. In particular, if ¢ is the largest
prime dividing By(f) then, for any p > ¢, E #, f.

Our strategy for bounding the exponent p for irrational newforms is then:
(1) Find all irrational newforms of (lowered) level N'.
(2) For each such f, find ¢ such that ¢, ¢ Q (smallest such /).
(3) Compute B,(f) and find its largest prime divisor g.

Proposition 5.2.10 lends some justification to our work in the sequel; for it is seen
that for rational newforms we may end up in the situation that By(f) = 0 for all ,
and so a bound will be impossible to procure in such a case using Proposition 5.2.9.
Our method however shall always enable one to find a bound, at least in theory,

i.e., if computationally feasible.

5.3 The Modular Approach

One of the twentieth centuries defining mathematical moments was the proof of
Fermat’s Last Theorem (FLT) by Sir Andrew Wiles, with a little help from Richard
Taylor (see [47, 41]). Using Galois representations on the p-torsion of the Frey
elliptic curve associated with FLT, Ribet’s Level Lowering Theorem shows that
the Galois representation is of a level 2 newform of which there are none.

This contradiction forms the basis of the modular method. To a putative so-
lution of a Diophantine equation we associate an elliptic curve E, called a Frey

curve. The Frey curve E must satisfy the following conditions:

o The coefficients of (the Weierstrass equation for) E are dependent on the

solution of the Diophantine equation.

e The minimal discriminant A, of £ has the form A, = C - DP where C' is
some constant independent of the solution of the equation but intrinsic to the
equation itself, D is some value dependent on the solution of the equation,

and p is a fixed prime (independent of the solution).

o Primes dividing D have multiplicative reduction for E.
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Now apply Ribet’s theorem, for which we need to know E has no p-isogeny.

FExample 5.3.1. Let p > 5 be an odd prime, and a, b, ¢ be coprime positive integers,
abc # 0, such that
a? +0+c =0 (5.3.1)

is a nontrivial solution to FLT. The trick here is to associate to this purported

solution the elliptic Frey curve E, ., given by

Eapn:y* = (x —a)(z— )z — )

and proceed to show it cannot exist.

To this end let

ap:a—ﬁ,
W =p5—1, (5.3.2)
' =v—a.

From the group of equations (5.3.2), we find on addition to derive the Fermat
Equation (5.3.1).

Now by a change of coordinates we can move one of the roots of the elliptic
curve equation to the origin. Do this for v: then E, 3, is the nonsingular algebraic
curve of genus 1 over Q, whose projective completion is a semistable elliptic Frey

curve over Q given by
Eope: v* = 2(x + ) (z —b°).
The elliptic discriminant for the Frey curve is
A = (abc)®.

which is nonzero since the solution (5.3.1) is nontrivial. The minimal discriminant
for the Frey curve is
1
Amin = ?(abc)%,

which is an integer since one of a, b, ¢ is even.
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The conductor N is the radical of abe.

N= ] ¢

£ prime, £|abc

= rad(abc).

By Theorem 5.2.6 (c), since E(Q)[2] = {O, (0,0), (0,b?), (0,—c?)} and p > 5,

the curve E has no p-isogenies and we can apply Ribet’s Level Lowering Theorem.

5.3.1 The Tables of Papadopoulos

Let E be an elliptic curve over Q. In his paper Papadopoulos [28] provides tables
which give the exponent of the prime factors of the conductor of an elliptic curve
dealing with the cases for ¢ a prime, ¢ = 2, ¢ = 3, and ¢ > 5, see Tables 5.3.1,
5.3.2, and 5.3.3 respectively.

Often the 3-tuple (v,(cq), vy(ce), v4(A)) is enough to determine the powers of g
dividing the conductor. However we might end up in a situation where the same
3-tuple of valuations have different values of f, owing to the case of Tate we end up
in after applying Tate’s algorithm which is used to find a minimal model with the
outcome one of 11 cases. In his paper Papadopoulos distinguishes each possible
case to derive the correct value for f, dependent on which case of Tate we end
up in. Moreover the Kodaira symbol, which encodes the type of reduction of an
elliptic curve at ¢, is included in the tables.

For the prime 3 Papadopoulos uses the terminology: a curve satisfies the prop-
erty P;, for i = 2 or 5, if there exists u € Z such that u®>—3c,u—2cg = 0 (mod 3317).
This is satisfied if and only if there exists v € Z such that v® 4 byv? +8bsv+16bg = 0
(mod 37).

He gives the conditions: if v3(cs) > 2, v3(cg) = 3 the condition P, is:
i3 +2=3ci2 (mod9), where ¢y = cy/3” and co3 = c6/3’; (5.3.3)
whereas if v3(cy) > 4, v3(cg) = 6 the condition P; is:

Cis+2=3csq (mod9), where cyy = cy/3" and co6 = c6/3°. (5.3.4)
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For the prime ¢ = 2 the situation is more complicated and we have the following

Proposition which classifies the different cases of Tate’s algorithm.

Proposition 5.3.2 (Papadopoulos [28]). Let E be an elliptic curve in global
Weierstrass form. With reference to Table 5.3.1 corresponding to a case > 3 in

Tate’s algorithm, there exists r, t € Z such that
2| ag + 7%, 2|t + asas — as.

(a) If ag + rag + r%ay + r® — tag — t* — rta; = 0 (mod 22) then we are in a case

of Tate’s algorithm > 4; otherwise we are in case 3.

(b) If bg + 3rbg + 3r2by + 13by + 3r* = 0 (mod 23) then we are in a case of Tate’s

algorithm > 5; otherwise we are in case 4.

(¢) If bs + 3rbg + 3r2by + r3by + 3r* £ 0 (mod 2°) then we are in case 6 of Tate’s

algorithm.

(d) If bg+3rbg +3r2by+1r3by+3rt = 0 (mod 2°), then there exists t € Z such that
ag + raq + r’ag + 13 — tag — t* — rta; = 0 (mod 23). Choose one t. We are
in case 6 if we have vo(ag + ray +r’ag + 13 — taz — t* — rta;) = 3; otherwise

we are in a case of Tate’s algorithm > 7.

(e) If by + 3rbs + 3r2by + r3by + 3r* = 0 (mod 2°) and there exists s € Z such that
as + 3r — sa; — s> = 0 (mod 22), then we are in a case of Tate’s algorithm
> 8.

(F) If va(bs + 3rbg + 3r2by + r3by + 3r*) > T we are in a case of Tate’s algorithm
> 10.

(g) Ifva(cy) > 8 and va(A) < 12, then there exists r € Z such that v (bs + 3rbg +
3r2by + 130y + 3r*) > 8. E is a nonminimal equation if there exists u € Z
such that vy(bg + 2rby + 72by + 413 — u?) > 8; otherwise we are in case 10 of

Tate’s algorithm.

(h) If va(cy) < 4, then there exists v € Z such that vy(bg + 3rbg + 3r2by + r3by +
3rt) > 8 and a t € Z such that vy(ag + ray +r2ay + 13 —tag — t* —rtay) > 5.

If va(ag + rag + r?ag + r® — taz — t2 — rtay) > 6, then E is nonminimal.
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5.3.2 The Diophantine Equation Ay? + Bx? = C2"

Let A, B, C be nonzero and p, ¢, r € Z>,. Consider the ternary Diophantine
equation
Ay’ + Bx? = C2", ged(z,y,2) =1 (5.3.5)

We term the triple (p,q,r) the signature of the equation (5.3.5). Now let the
characteristic of the equation (5.3.5) be defined as

1 1 1
x(p,q,r)=—-+-+-—-1
poq

o For xy < 0, Darmon and Granville [15] have shown there are only finitely

many integer solutions.

e For x = 0, the only possible sets for {p,q,r} are {3,3,3}, {2,4,4}, and
{2,3,6}.

o For x >0, {p,q,r} are {2,2,k} with k > 2, or {2,3,m} with m = 3, 4, or 5.

These three cases are termed the hyperbolic case, the Euclidean case, and the

spherical case for x < 0, x = 0, and x > 0 respectively.

5.3.3 The Diophantine Equation Ay’ + Bz = C2” and the

Frey Curve of Barros

In this Section we look at the particular form of the ternary Diophantine equation
from Subsection 5.3.2 with signature (2,3, p). To be able to study this Diophantine
equation using the modular method we shall need a corresponding Frey curve which
is found in a result of Barros [4] which we shall require later for examining the

Diophantine equation y? — 23 = Dz%.

Theorem 5.3.3 (Barros [4, Thm. 5.1]). Let A, B, C, x, y, z be integers, such
that ged(Ay, Bx,Cz) = 1. Let p be a prime number. Suppose also that

(a) A is squarefree;

(b) B is cubefree;
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(c) C is p™ powerfree.

Finally we consider the equation
Ay® + Ba® = CzP. (5.3.6)
The Frey curve associated to (5.3.6) is
E:Y?= X%+ 3ABxX + 2A*By. (5.3.7)

(1) The minimal discriminant of E is

—2033A3B2C2P  if vy(C2P) < 6,
—27033A3B2C 2P if vy(C2P) > 6.

Amin =

(2) The conductor N of the curve E is given by
N = 2f23f3 I"adgg,(AB)Q I'adz’g(CZ),

where fy is given in Table 5.3.4 and f5 is given in Table 5.3.5.

(8) Suppose that p = 11 or p > 17 and the curve E does not correspond to one
of the equations:

11-(£7)*—1-8 =3 1" (£43)* =117 1> =20. 3% . 111,
(£4973)* —11-131° =2- 3% - 1M 5. (£14891)% — 17 - 373% = 20 . 3% . 217
5-7717% —17%-101° =27-3% - 117, 19-3 - (£3)* - 1-8%-3% = 1.1,
5- (411 -1433 - 11443)% — 7(137 - 2083)* = 20 . 3% . 137,
5-(£47)2 —7-112=20.3%.1%7,3.43 . (£3%.7) — 1-(2*-5)* = 1%,
3:-67-(£3-7-31)2—1-2%.5-11 =1,

3163 (£3-7-11-19-127)* —1-(2*.5-23.29)* = 1193,

Then E ~, f for some newform f of level

Np = 2f23f3 I'adg,g(AB)Q radg?g(C),
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where fy is given in Table 5.53.4 and fs is given in Table 5.5.5.

The characteristic of equation (5.3.6) is given by

1 1 1
+-=-1=-—--<0.

+1
3 p p 6

1
2.3.p) ==
x(2,3,p) 5

Hence by Darmon and Granville (see Subsection 5.3.2) this shows there are only
finitely many integer solutions possible for equation (5.3.6) when p > 7.
The associated quantities with (5.3.7) are

a; = Q9 = ag = 0, ay = 3ABZE, g = 2A2By,

by =0, by=2-3ABx, bs=2°A’By, bs=—3A*B%1?
ca = —2'3%ABz, ¢ = —25334%By,
2633 Bs® 2933 By?
Ay?2 4+ Bad  Czp

With these quantities we can work out the valuations for the 3-tuple

A = 23343 B%(Ay? 4 Br®) = 203 A3B2C2F, j =

(v4(ca), v4(c6), vg(A))

for primes 2 and 3 specifically, and for ¢ > 5 in general, and check these against
Tables 5.3.1, 5.3.2, and 5.3.3, to give Tables 5.3.4, 5.3.5, and 5.3.6 for the exponents
fq for the conductor N of E as given by

N = H qfq.

q prime
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Table 5.3.4: The Exponent f, for the Conductor of the Frey Curve (5.3.7)

va(A) va(y) va(B) wvaz) vo(C2P) Conditions (va(ca),va(cs), v2(A))  fo  Tate’s case
1 >0 0 0 0 (5,>8,9) 8 4
0 >1 0 0 0 ABz =1 (mod 4) (4,>7,6) 5 4
0 >1 0 0 0 ABz =3 (mod 4) (4,>7,6) 6 3"
0 0 1 0 0 (5,7.8) 7 4
0 0 1 1 0 By =2 (mod 8) (6,7.8) 3 7"
0 0 1 1 0 By =6 (mod 8) (6.7,8) 4 6*
0 0 1 >2 0 By =2 (mod 8) (>7.7.8) 2 8*
0 0 1 >2 0 By =6 (mod 8) (>7,7,8) 4 6*
0 0 2 >0 0 (>6,8,10) 6 6
0 0 0 >1 0 (> 5,6,6) 6 3
0 0 0 0 1 (4,6,7) 7 3
0 0 0 0 2 AB(z — 2Ay) = 5 (mod 16) (4,6,> 11) 2 8
0 0 0 0 2 AB(z — 2A4y) =9 (mod 16) (4,6,8) 3 7"
0 0 0 0 2 AB(z — 2Ay) = 1,13 (mod 16) (4,6,8) 4 6*
0 0 0 0 3 (4,6,9) 5 6
0 0 0 0 4 By =3 (mod 4) (4,6, 10) 3 9
0 o0 0 0 4 By=1 (mod 4) (4,6, 10) 4 7
0 0 0 0 5 By =3 (mod 4) (4,6,11) 3 10°
0 0 0 0 >5 By =1 (mod 4) (4,6,> 11) 4 7"
0 0 0 0 6 By =3 (mod 4) (4,6,12) 0 1
0 0 0 0 >7 By =3 (mod 4) (4,6,> 13) 1 2
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Chapter 6

Power Integral Points

6.1 Perfect Powers and DDSs

In this Chapter we consider an elliptic curve F/Q in Weierstrass form
y2 + a1y + azy = z° + GQIQ + asx + ag

and let a point P € E(Q) be represented as

where Ap, Bp, and Cp are integers with ged(ApCp, Bp) = 1.

We can ask the following questions about Bp:

(6.1.1)

(6.1.2)

Question 1. Are there finitely many rational points P € E(Q) with Bp equal to

a perfect power?

Question 2. Are there finitely many rational points P € F(Q) with Bp equal to

a prime?
We shall be interested in solutions of the following equation.

Bp=27' Z€Z., fecls.

(6.1.3)
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Definition 6.1.1. Let E/Q be an elliptic curve given by a Weierstrass model
(6.1.1). If P € E(Q) has its Bp term equal to a perfect power then we shall call
that point a power integral point (PIP).

The next Theorem goes part way to settling the first question.

Theorem 6.1.2 (Everest, Reynolds, & Stevens [19]). Let E be an elliptic curve
in Weierstrass form over Q as in (4.7.1), and fix an integer f > 1. Then there

exist only finitely many points P as in (6.1.2) such that Bp is an f™ power.
Proof. See [19, Thm. 1]. O

The result of Theorem 6.1.2 is achieved by extending Theorem 2.6.2 of Siegel’s
on the finiteness of S-integer solutions for equations of the form y? = f(x) of
degree d > 3. As such it is a generalization of Theorem 2.6.2 for the field Q which
states that there are only finitely many integral points on an elliptic curve E/Q,
which is the case Z = 1 with f arbitrary in (6.1.2).

Siegel [33] proved there are only finitely many (nonzero) points on an elliptic
curve with Bp = 1. By the result of Theorem 6.1.2 for fixed f > 1, there are only
finitely many (nonzero) P € E(Q) with Bp = Z/ for some Z € Z~,. Since 1 is a
perfect power we can imagine PIPs as a generalization of integral points.

However Question 1 above is far from resolved by Theorem 6.1.2, for since f is
arbitrary this leaves open the question of whether there are finitely many power
integral points on an elliptic curve.

If the answer to Question 1 was affirmative it would be natural to ask:

Question 3. Is there an effective procedure for determining all power integral

points?

Much work has been done to make Siegel’s Theorem effective and there are many
techniques which can find all of the integral points for large classes of elliptic
curves [22].

For our purposes it is enough to investigate whether the Bp occur as a perfect
power ZP, for p some prime.

Reynolds has shown the following Theorem:
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Theorem 6.1.3 (Reynolds [29, Thm. 1.2]). Let (B,) be a DDS generated by a
nontorsion point P € E(Q). If 2 or 3 divide the first term of the DDS then there
can be at most a finite number of perfect powers in the sequence. Morever any

such power integral point having B, = ZP for some integer Z and prime p has p
explicitly bounded by E and P.

Theorem 6.1.3 gives an answer to Question 1 when F has rank 1, no torsion
and 2 or 3 divides Bp, for P a generator of E(Q).

6.2 PIPs on Mordell Curves

We now consider the case of Bp occurring as p'" power integral points on Mordell

curves, which are elliptic curves of the form
Ep:y* =2+ D. (6.2.1)
We start with a finiteness Theorem of Reynolds.

Theorem 6.2.1 (Reynolds [29, Thm. 1.4]). Let Ep: y* = 2> + D, D € Z, be
a Mordell curve possessing no integral points. Then in the associated DDS (By,)

there exist at most finitely many perfect powers, with an explicit bound dependent
on Ep and P.

Example 6.2.2. The rank 1 Mordell curve
E o y*=a°-2 (6.2.2)

has E_5(Q) = Z with generator P = (3,5) (alternatively the generator (3, —5)).
We note that the points (3,5) and (3, —5) are power integral points as Bp = 1, and
so cannot invoke the results of Reynolds in Theorem 6.2.1 on finiteness of power
integral points.

There is much conjecture as to whether these two points yield the only perfect
power values (Bp = 1) in the DDS (B,p).
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6.3 Fifth Powers on E_,: y> = 2° — 2

In this Section we give a result of the nonexistence of 5** power integral points on
the Mordell curve E_y: y*> = 2® — 2 using the method of Chabauty.

By Example 6.2.2 we have E_5(Q) = ((3,5)), and remarked that (3,+5) are
possibly the only PIPs on E_,: y? = 2% — 2. We have seen in Example 2.7.5 that

there exists an explicit 3-isogeny o: Esy — E_5 between the elliptic curves
Esy: y* = 2" 4+ 54 (6.3.1)

and
E oy =12°-2, (6.3.2)

with E54(Q) = ((3,9)). Now, if P’ € E54(Q) maps to P € E_5(Q) under this

3-isogeny, and a'(P’) = ’g’;’, then
p!
A Ag/ 2 * B2/ 3
o(p) = Ar _ Ap+ (2 3Bp) (6.3.3)

T BX (3ApBp)?
We shall use this 3-isogeny to examine the existence of 5" power integral points
occurring in the denominator of the image point. In Theorem 6.3.1 we employ
Chabauty’s method to find the set of rational points on a hyperelliptic curve,
which is then utilized in proving (3, £5) are the only 5" power integral points on
E_,.

We now examine case by case the possibilities for cancellation in (6.3.3).

Case 1. p#2,3

If p # 2 or 3 it is trivial to see that if p | ApBp and p | A3, + (2 - 3B%,)3 then
p | Apr and p | Bps, which is absurd as ged(Ap/, Bpr) = 1. So we limit ourselves

to the two cases p =2 or p = 3.

Case 2. p=2

If 2 | A% + (2-3B%,)? we must have 2 | Apr so 21 Bpr. But then C%, = 54 = 6

(mod 8) which has no solution, and so there can be no cancellation by 2.
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Case 3. p=3

If 3| 3ApBpr and 3 | A% + (2-3B%,)% then 3 | Apr. Conversely if 3 | Ap/, then
32 | 3ApBpr, and 3% | AL,. Now as 3% | (2-3B%,)? it follows 3% | A%, + (2-3B%/)3.
Hence cancellation occurs if and only if 3 | Ap:.

We now consider the equation of the curve Esy to see if any higher power of 3 can
divide Apr. If vg(x’) > 1 then v3(z'3) > 3 and, since v3(54) = 3, the ultrametric
inequality implies v3(y?) = 3, which is absurd. So any point on Fs4(Q) with
v3(2’) > 0 must have vs(2’) = 1.

Hence we only need consider the two cases when either 31 Ap or 3 || Ap/; in
the former case there is no cancellation in (6.3.3), and in the latter case there is

cancellation by 3%

We now consider the case for Bp occurring as a 5% power.
Theorem 6.3.1 (Buck—Everest). The only points of the elliptic curve
E gy =2 -2,
for which the denominator Bp is a 5™ power are (3,5) and (3, —5).

Proof. By observation there are at least two points in F_5(Q) whose denominator
is a 5™ power, the points (3,5) and (3, —5). Let P € F_»(Q) and let P’ € F54(Q)
be such that P’ maps to P under the 3-isogeny o. This is possible since ¢(3,9) =
(3,5) so that o: F5y(Q) — E_o(Q) is surjective. There are two cases to consider
depending on the divisibility of Ap/ by 3.

Case (i) If 34 Aps then no cancellation occurs in (6.3.3) and so Ap: = 5™ power
and 3Bp = 5™ power, say Ap = s°, B}, = 3t°.

Looking at the z-coordinate

Ap 5
w(P) =22 _9(3> .
P/

This yields on substituting z = 9X°, y =Y in (6.3.1)

Y2 — 36(X5>3 + 54’
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which becomes on letting 3X?3 = x, Y = y, the hyperelliptic curve
Cs: y? = 32° + 54. (6.3.4)

The hyperelliptic curve C'5 doesn’t have any useful additional structure itself, but

we can embed it into the Jacobian variety of the curve, which we now explain.

Every nonsingular algebraic curve C' of genus g > 1 has an associated abelian
variety J of dimension g into which we can embed C' by means of analytic maps.
The abelian variety .J is known as the Jacobian variety of the curve. Moreover it
has an abelian group structure, and so we can think of the set J(Q) of rational
points on J as an abelian group via some (geometric) group law of composition. If
we can find the points on the Jacobian of a curve, this will tell us about the curve
that is the preimage of the points. Faltings’ Theorem states for a curve C' of genus
g > 2, the set of rational points, C'(Q), on C'is finite. Faltings’ proof is ineffective
as it provides no algorithm for determining these rational points. However if the
rank 7 of the Mordell-Weil group of J is less than the genus of C', we can use
Chabauty’s method to try finding the rational points. Chabauty is an effective
method for explicitly computing C'(Q) provided r < g — 1, it involves doing local

calculations at some prime where C' has good reduction.

The Mordell-Weil Theorem tells us that J(Q) is finitely generated. When we
compute J(Q) it is actually the generators and relations we compute. So we try
to compute J(Q), then determine which points in J(Q) lie on C. Points on J are
represented as divisors on C. In magma at least one rational point on C' must be

known, as this plays a role in the algorithm.

Hyperelliptic curves have genus 2 and degree n > 4 with n distinct roots.
For these curves magma requires a generator of the Mordell-Weil group of the

Jacobian, which must have rank 1 in this case.

Now for C3, magma computes the full set of rational points on the curve as
consisting solely of the point at infinity, and so we have no need of Chabauty in
this case, as this proves that no Bp is a 5™ power in this case. See Section 6.3.1
for the code.
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Case (ii) If 3 || Ap: then Aps = 3A%, and

(3ApBp)? (324, Bp)?2  3(AwBp)?  BY

Since 3(A% Bpr)? # 5™ power there must be further cancellation in the numerator.
Therefore 3 | A%° + 8BS, .

This implies A%, = 5 power and Bp = 5" power with A, = s® and B%, = t°,
say.

Looking at the z-coordinate

AP/ 314,/ S 5
*(P) =5 = -3(3) -

This yields on substituting 2’ = 3X5, ¢/ =Y in (6.3.1),
Y? = 27X 4 54,
which becomes on letting X3 = z, Y = y, the hyperelliptic curve
Cy: y* = 272° 4 54. (6.3.5)

Now for C; magma tells us that J;(Q) has rank at most 1, so has genus strictly
less than the genus of Cy and we may use Chabauty’s method.

By magma the full set of rational points consists of (1 : =9 : 1), (1:9: 1),
(1 :0:0), and so the only points for which Bp/ is a 5" power are (3,5) and
(3,=5). O

The magma code needed for Theorem 6.3.1 is given in the next Subsection

along with relevant explanation.

6.3.1 Magma Code for Theorem 6.3.1

For the computations required in Theorem 6.3.1 we shall need the Chabauty func-

tion from magma:

Chabauty (P : ptC)
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For a curve C' of genus 2 over QQ, this returns the full set of rational points. The
algorithm involves Chabauty’s method combined with a Mordell-Weil sieve. The
argument P must be a rational point on the Jacobian of C', which is a generator
of the Mordell-Weil group.

The algorithm requires knowledge of one rational point on the curve. (In
particular, it cannot be used to show that a curve has no rational points!) Such a
point may be supplied as the optional argument ptC; otherwise, one is found by
searching.

We now give the code used in proving the Theorem 6.3.1.

magma code for obtaining the full set of rational points on the hyperelliptic curve
Cy: y? = 325 + b4.

> R<x> := PolynomialRing(Rationals());
> C3 := HyperellipticCurve(3 % x5 + 54);
> C3;

Hyperelliptic Curve defined by y 2 = 3xx”5 + 54 over Rational Field
> ptsC3 := Points(C3 : Bound := 1000);

> ptsC3;

{©€ (1 : 0 : 0) @}

showing the only rational point on C3(Q) as (1 : 0 : 0), the point at infinity.
magma code for obtaining the full set of rational points on the hyperelliptic curve
Cy: y? = 2725 + 54.

We start by verifying the rank bound of J4(Q) is 1:

> R<x> := PolynomialRing(Rationals());

> C4 := HyperellipticCurve (27 * x~5 + 54);

> C4,

Hyperelliptic Curve defined by y 2 = 27xx”5 + 54 over Rational
Field

> J4 := Jacobian(C4);
> RankBound(J4);
1

Next we find some small points on Cy; and map them to J; (using the first point

to define the map Cy — Jy):

> ptsC4 := Points(C4 : Bound := 1000);
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> ptsC4;

{© (1 :0:0), (1 :-9:1), (1 : 9:1) 0}

> ptsJ4 = [ ptsC4[i] — ptsC4[1] : i in [2, 3] ];
> ptsl4;

[ (x =1, =9, 1), (x =1, 9, 1) ]

Now we pick a point, say [z — 1,9, 1] on the Jacobian:

> PJ1 := J4 | [ ptsC4[3], ptsC4[1l] ];
> PJ1;
(x — 1,9, 1)

Now call the Chabauty function with that point to list all points on Cy:

> all_pts := Chabauty(PJ1);
> all_pts;
{(1:-9:1), (1 :9:1), (L :0:0)}

So by the Chabauty’s method these are the full set of points on Cy(Q).

6.4 The Modular Method for Mordell Curves

The method of Chabauty that proved successful in resolving the issue of 5" powers
on the Mordell curve E_,: y* = 23 — 2 in Section 6.3 failed to deliver on square
powers. It is here we decided to implement the modular machinery of Chapter 5
to help in determining the existence of PIPs on Mordell curves. To start with we

shall need the right Frey curve to work with.

6.4.1 Constructing The Frey Curve

The aim of this Section is to construct the Frey curve corresponding to the equation

of the Mordell elliptic curve
Ep:y* =2+ D, DEZ, D#0. (6.4.1)

This will allow us to use the modular method to tackle the existence of PIPs on

the curve.
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So let us assume the n'" multiple of a nontorsion point P € Ep(Q) is a p*™

power integral point for some prime p, where we write the n'" multiple as

A, C,
n]P = (Zp 3p> A, Cos Zn € 7, ged(An, Z0) = ged(Cr, Z0) = 1,

and the elliptic denominator of [n|P as
B, = ZP.

To use the modular method we must apply Barros’s Theorem 5.3.3 which consid-
ered the equation
Ay? + Bx® = C2P,

where now the integer coefficients become A = 1, B = —1, and C = D in the
Mordell equation (6.4.1).

We now investigate the Mordell curve by rewriting equation (6.4.1) as the

C,\? AN\
<Z;°;p> :<Z%p> +D,

and then changing it to an equation over the integers

rational equation

C?— A3 =DZ%, (6.4.2)

by multiplying the equation for Ep by Z%, where ged(A,,, C,,, DZ,) = 1, for which
we require D be 6" powerfree to be certain we have the last ged condition. Here
we note that (6.4.2) does not correspond to any of the equations listed in condition
(3) of Theorem 5.3.3, and so we are free to use the Theorem when looking for Frey
curves arising modulo p from newforms, but note the inherent limitation for p
prime, that p = 11 or p > 17. We also assume that for a prime p = 11 or p > 17,
D is p'™ powerfree in accord with condition (c) of Theorem 5.3.3, since it is 6

powerfree.

The signature of (6.4.2) is (2,3,6p), with the characteristic of the equation

given by
1 1— 1—p

1
X(2737 6p) = ~

=4+ = — < 0. 6.4.3
2+3+6p 6p ( )
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By Darmon and Granville (see Subsection 5.3.2) this shows there are only finitely
many integer solutions possible for equation (6.4.2). Hence given any prime p >
2 there are only finitely many p'" power integral points (i.e., another proof of
Theorem 6.1.2 for the specific case of Mordell curves).

The Frey curve associated to (6.4.2) is then
Ep,:Y?=X%-34,X +2C,. (6.4.4)
The associated quantities with (6.4.4) are
ar=ay=a3=0, ay=—-3A4,, as=2C,,

by =0, by=—-2-3A,, bs=—-23C,, bg=—324A2

cy = 2%3%A,, s =293%C,, (6.4.5)
, 2063343
Apin = 2033(A% — C2) = -298°DZ% ) j=— D7

Now by Theorem 5.3.3 we have:

(1) The minimal discriminant of Ep,, is

—2033DZ% it Z, is odd,
—27%33DZ% if Z, is even.

Amin =

(2) The conductor N of the curve Ep,, is given by
N = 2723 vady 5(DZ,),
where fy and f3 are given in Tables 5.3.4 and 5.3.5 respectively.
(3) Suppose that p =11 or p > 17, then Eg,, ~, f for some newform f of level
N, = 27235 vad, 3(D),

where fy and f3 are given in Tables 5.3.4 and 5.3.5 respectively.
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To investigate the existence of power integral points on Fp we must show, using
the Modularity Theorem and our Frey curve, that none of the rational newforms
of level N, are associated with any Ep, for n > 1, with any necessary bound on
p. Any irrational newforms will have to be dealt with using Proposition 5.2.9.

We now look case by case at (6.4.2) in search of any nontrivial solutions, by

which we mean A, C,, Z, # 0.

6.4.2 Mordell Tables for the Exponents f,, and f;3

This thesis is concerned with Mordell elliptic curves, and as such it will be beneficial
to construct tables exclusively for such curves, for the exponents fo, and f3.

To do so we first derive the following valuations for ¢y and c¢3 for the primes
2 and 3 from the quantities (6.4.5) and the same for the valuations at 2 and 3 of
Amnin, Where for brevity we write simply A for A,,;, from now on unless otherwise
stated.

U2(C4) =4 + UQ(An),
1}2(06) =6 + UQ(Cn),
6+ vo(D) if Z, is odd,
sa(A) = ve(D) i is o
—6 + vo(D) + 6puve(Z,) if Z, is even,
U3(04) =2 + Ug(An),
U3(06) =3 + Ug(cn),
'Ug(A) =3 + 'Ug(D) + 6pU3(Zn)

With this done we now refer to the tables of Papadopolous (see Tables 5.3.1, and
5.3.2), to compute values for f, and fs.
Since we wish to use Theorem 5.3.3, throughout we assume that the prime

exponent of Z, has p =11 or p > 17.

Exponent f;

We split up the case for f, into whether Z,, is even or odd.
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Case 1. Z,, is even

Since we assume A,,, C,,, and Z,, are pairwise coprime the equation DZ% = C2— A3
has A, and C), both odd, as both cannot be even.

The congruences for the variables C,, and Z,, are

C2=1 (mod8), Z¥=0 (mod8).

On looking at the equation C? — DZ% = A3 modulo 8 we have the congruence
A, =A2=C?>=1 (mod8).

We have vy(A,) = 0, vo(C,) = 0, v2(DZ5%) = vy(D) + 6pve(Z,) > 6p, and so
(v2(cq),vo(ce), v2(A)) = (4,6,> 13). This gives two possible values for fs according
to Table 5.3.4: f, =1 with C,, =1 (mod 4), or fs =4 with C};, =3 (mod 4).

Now by Table 5.3.4 we observe that when vy(DZ?) > 1 with condition C,, =1
(mod 4), then f; is less than when C,, = 3 (mod 4). We note a consequence of
working with Mordell curves is that the negative of a nonzero point (%, %) is just
(42, —%2). Hence the condition C,, = 3 (mod 4) is equivalent to that of iC’n =1
(mnod 4):1 in the sense that the negative of the point is also on the curve. As it is
in our interests to seek to limit the number of newforms in later work, we exploit
this symmetry and take C;, = 1 (mod 4) in working out f; from henceforth. As

such, the case of C,, = 3 (mod 4) shall not be further considered.

Hence if Z,, is even it is of no matter whether D is odd or even when working
out fy. If Z, is odd however we must split the cases into those of D being even or
odd.

Case 2.(i). Z, is odd, and D is even
If Z, is odd with D even then we have the congruences

C?’=1 (mod8), A,=1-D (mod8), Z* =1 (modS38).

n - n
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We also have v3(A,) = 0, vo(C,) = 0, vo(DZ) = vy(D), and so
(va(ca), va(cs), v2(A)) = (4,6,6 + v2(D)) = (4,6,> 7).

This gives the possible values for fy dependent ultimately on ve(D). This subdi-
vides into five cases, with the case of vy(D) > 6 absent since we assume D is 6%
powerfree.

Case I. UQ(D) = 1, (02(64),02(06),U2(A)) = (4,6, 7)

This gives fo = 7.

Case II. v3(D) = 2, (va(cs), v2(cs), v2(A)) = (4,6,8)

For ve(D) = 2, Table 5.3.4 cites three cases having (va(cy), ve(cg), v2(A)) = (4,6, 8),
each having a congruence condition AB(x — 2Ay) (mod 16), where for our case

A=1 B=-1,z=A4,, y=C, giving the conditions:
(a) 2C, — A, =5 (mod 16) giving fo = 2.
(b) 2C,, — A, =9 (mod 16) giving fo = 3.
(c) 2C, — A, = 1,13 (mod 16) giving fo = 4.

Moreover since v5(C,,) = 0, and A, = 1 — D (mod 8) we have the congruence

conditions:
(d) 2C, — A, =D+1or D+5 (mod 8).

For each of the congruences, in (a), (b), (c), and (d) we express 2C,, — A,, as a value
rather than a congruence. By doing this we obtain an expression for D, where we
note the situation D = 0 (mod 8) cannot occur since it implies vo(D) > 2. The

eight cases for 2C,, — A,, can be expressed, with k, j € Z, as:
(i) D+148k=5+16j = D =8(2j — k) + 4 giving fo = 2.
(i) D+5+8k=5+16j = D = 8(2j — k) which cannot occur.

(i) D+ 148k =9+ 165 = D = 8(2j — k + 1) which cannot occur.
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(iv) D+5+8k=9+16j = D = 8(2j — k) + 4 giving f, = 3.
(v) D+ 1+8k=1+16j = D = 8(2j — k) which cannot occur.
(vi) D+5+8k=1+16j = D = 8(2j — k) — 4 giving f, = 4.
(vil) D+1+8k=13+16j = D = 8(2j — k) + 12 giving f» = 4.

(viii) D +54 8k =13+ 165 = D = 8(2j — k + 1) which cannot occur.

Case III. vy(D) = 3, (va(cq),v2(ce),v2(A)) = (4,6,9)

This gives fo = 5.

Case IV. vy(D) =4, (va(cq),v2(cs), v2(A)) = (4,6, 10)

This gives fo = 3.

Case V. uy(D) =5, (va(cy), v2(cg),v2(A)) = (4,6,11)

This gives fo = 3.

Case 2.(ii). Z, is odd, and D is odd

If Z, is odd with D odd then we have the congruence Z% = 1 (mod 8) with A,

and C,, of different parities. The two cases are:

Case 1. (), is odd, and A, is even

If C,, is odd and A,, is even we have

C?=1 (mod8), A>=C?-DZ%=1-D (mod8).

n

Now A2 = 0 (mod 8), so D = 1 (mod 8). We have vy(C,) = 0, v3(4,) > 1,
va(DZ%) = 0, and so (va(cq), va(cs), v2(A)) = (44 v2(A,),6,6) = (> 5,6,6), from
which the tables give f; = 6.
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Case II. C, is even, and A, is odd

If C, is even we have the two cases C? = 0 or 4 (mod 8). Now A, is odd so we

subdivide the two cases:

i) C,=0 (mod4) = A, =A4>=C>-DZ%=—-D (mod38),
or

i) C,=2 (mod4) = A, =A>=C>-DZ%=4—-D (mod 8).

For the case C,, = 0 (mod 4) we have v5(C,,) =t > 2, vo(A,) = 0, v2(DZ) =0,

and so (ve(cy), v2(cg), v2(A)) = (4,6 +¢,6). For the case C,, =2 (mod 4) we have

vo(Ch) =1, v9(Ay) =0, vo(DZ5%) = 0, and so (va(cy), vo(cs), v2(A)) = (4,7,6).
Both of these cases are then subdivided into the two cases:

Case II.(i). C,, =0 (mod 4)

If C;, =0 (mod 4) then we have the two cases:

(1) If A, =1 (mod 4), then D =3 (mod 4), and we have f, = 6.

(2) If A, =3 (mod 4), then D =1 (mod 4), and we have f, = 5.

Case II.(ii). C,, =2 (mod 4)
If C,, =2 (mod 4) then we have the two cases:
(1) If A, =1 (mod 4), then D =1 (mod 4), and we have f, = 5.
(2) If A, =3 (mod 4), then D =3 (mod 4), and we have f, = 6.
So, in summary, if D = 1 (mod 4) then fo = 5, and if D = 3 (mod 4) then
fa=6.
Exponent f3

Since we assume A,, C,, and Z,, are pairwise coprime we look case by case at 3
dividing either of the variables A,,, C,,, Z,, or D.
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Case 1. 3| A,

If 3| A,, with v3(A,) > 1, we must have v3(C,,) = 0, and v3(DZ%) = 0. We then
have

<U3(C4)7 U3(06>> U3(A)) = (Z 3,3, 3)
This gives f3 = 2 with C},, = +4 (mod 9), or f3 = 3 with C}, # +4 (mod 9). For
the congruence on D we have C? = DZ% (mod 9), where Z%? =1 (mod 9) and so

D has to be a square modulo 9, these being 1,4,7 (mod 9); hence D =1 (mod 3).

Case 2. 3| C,
If 3| C,, we have v3(C,,) = 1, v3(A,) = 0, v3(DZ%) = 0, and so

(U3(C4)7 U3(CG)7 U3(A)) = (2,4, 3)-

This gives f3 = 3. If 3| C,,, with v3(C,,) > 2, then v3(A,) = 0, v3(DZ%) = 0, and
S0

<U3(C4)7U3(06>7U3(A)) = (27 > 573)7

which gives f3 = 2. We note if 3 | C,, then the congruences Z% =1 (mod 9), and
A% =41 (mod 9) imply that D = +1 (mod 9).

Case 3. 3| Z,

It 3 | Z,, we have vs3(A,) = 0, v3(Cy) = 0, v3(DZy?) = v3(D) + Gpus(Zn) = 6p,
and so
(v3(ca), vs(ce), v3(A)) = (2,3,> 3 + 6p).

This gives f3 = 2. We note possible congruences are C? = 1,4,7 (mod 9) and
A3 = 41 (mod 9), but since C? = A3 (mod 9) we must have C? = A3 =1
(mod 3), hence A, =1 (mod 3).
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Case 4. 31 A,C,Z,

If 3 does not divide either of A,, C,, or Z,, we have to take account of 3 | D or
not. In such a case v3(4,) =0, v3(C,,) =0, v3(DZ%) = v3(D), and so

(vs(ca), vs(ce), vs(A)) = (2,3,3 + v3(D)).

This gives a possible subdivision into five cases according to v3(D). We note as
soon as v3(D) > 1 we have A, =1 (mod 3) since C? =1 (mod 3).

Case I. Ug(D) = 0, (1)3(64),1}3(06),’03(A)) = (2,373)

This gives f3 = 2 or 3 dependent on whether we end at case 4 or 3 of Tate’s
algorithm respectively. If A3 = 1 (mod 9) we have D = C? — A3 = 0 (mod 3),
which cannot occur, and so A3 = —1 (mod 9) with D = C? — A3 =2 (mod 3).

Case II. Ug(D) = ]_, (U3<C4),1)3(06),1)3(A)) = (2,3,4)

This gives f3 = 4.

Case III. U3(D) = 2, (03(64),U3(06),U3<A>> = (2,3,5)

This gives f3 = 3.

Case IV. 3 S Ug(D) S 5, (’U3(C4), Ug(CG),Ug(A)) = (2, 3, Z 6)

This gives f3 = 2.

These results for f, and f3 are collated in Tables 6.4.1 and 6.4.2 respectively.
We have omitted from the table the cases when Z,, is even, in which case fo = 1,
and when 3 | Z,, in which case f3 = 2. The tables also indicate, in general, a
decrease in f and f3 with higher valuations ve(D) and v3(D).

We note ¢, = 24324, ¢ = 2633C,, so in checking for condition P, we have

v3(cy) > 2 always, and v3(cg) = 3 whenever 31 C),. The condition P; is:

i3 +2=3ci2 (mod9), where ¢y =cy/3% and o3 = cg/3”. (6.4.6)
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Table 6.4.1: Value of the Exponent f;, for C}, # 3 (mod 4) and Z,, odd, for Mordell Curves

va(A4,) v2(Cr) Conditions on D (va(cyq), v2(cs), v2(Amin)) fo  Tate’s case
>1 0 D=1 (mod8) (> 5,6,6) 6 3
0 >1 D=1 (mod 4) (4,>7,6) 5 4
0 >1 D=-1 (mod4) (4,>7,6) 6 3*
0 0 u(D) =1 (4,6,7) 7 3
0 0 0y(D) =2 (4,6,> 11) 2 8
0 0 vs(D) =2 (4,6,8) 3 7"
0 0 0s(D) = 2 (4,6,8) 4 6*
0 0 w(D) =3 (4,6,9) 5 6
0 0 v(D) = 4 (4,6, 10) 3 9°
0 0 v(D) =5 (4,6,11) 3 10°

Table 6.4.2: Value of the Exponent f3, for 3t Z,, for Mordell Curves

v3(A,) v3(C,) Conditions on D (v3(cs), v3(c6), v3(Amin)) f3 Tate’s case
>1 0 D=1 (mod3) (>3,3,3) 2 4P,
>1 0 D=1 (mod 3) (>3,3,3) 3  3not P
0 1 D = +£1 (mod 9) (2,>5,3) 2 4
0 1 D =+1 (mod 9) (2,4,3) 3 3
0 0 D =2 (mod 3) (2,3,3) 2 4P,
0 0 D =2 (mod 3) (2,3,3) 3  3not P,
0 0 vs(D) = 1 (2.3,4) 4 3
0 0 v3(D) =2 (2,3,5) 3 5
0 0 v3(D) =3 (2,3,6) 2 6
0 0 4<uy(D)<5 (2.3,7) 2 4
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Proposition 6.4.1. Let the Diophantine equation associated to the Mordell curve

Ep:y*=12*+ D and point P = (%,%)

C?2 =A%+ DBS. (6.4.7)

Then if D # 0,1,3,6,8 (mod 9) we have 3 1 C,,. Moreover, if D # +1 (mod 9)
then
A>=—-D (mod9) <= 31C,.

Proof. By analysing (6.4.7) we find if 9 4 D then at most one of A,,, B,, C, is
divisible by 3. If 3  A,B, then A> = 41 (mod 9), and B% = 1 (mod 9); so
C?=D+1 (mod9). Thus if D # +1 (mod 9), then 3 { C,. Now if D = +1
(mod 9) then 31 A, B,,.

For the case 3 | C,,, we see from the previous argument that if D = £1 (mod 9)
then 31 A, B,. So A3 + DBS = A2 £ 1 =0 (mod 9), then

A>=—-D (mod9) <= 31C,.



Chapter 7
The Rational Newform Case

We have seen in Chapter 5 that an elliptic curve E defined over Q can arise from
an irrational newform or a rational newform. Hence a PIP on the curve F/Q may
correspond to a rational or irrational newform, dependent on the Frey curve it

arises from. In light of this the following definition seems desirable.

Definition 7.0.2. If a power integral point corresponds to a rational newform we
shall call this a rational PIP, and if it corresponds to a irrational newform we shall

call this an irrational PIP.

In this Chapter we give an algorithm for bounding the exponent p in the case

that the Frey curves constructed in Subsection 6.4.1 arise from rational newforms.

7.0.3 Periodicity

We want to follow the same kind of reasoning as was done with the resolution of
which are the perfect powers occurring in the Fibonacci and the Lucas sequences
by Bugeaud, Mignotte, and Siksek (see [8]). In the case of these sequences a suc-
cessful employment of classical and modular approaches was achieved by looking
at the periodicity of perfect powers modulo the number in question occurring in
the sequence. The inherent equations associated to the sequences had congruence
conditions put on the index n in the sequence. These equations were then asso-
ciated to Frey curves, followed by techniques of level lowering and elimination of

newforms. Finally the necessary bounds were put on the possible values for the
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prime exponents of the powers by using linear forms in logarithms, and generating
small sets of congruences modulo a large modulus. We wish to do the same with

the equation B, = ZP.

7.0.4 The Frey Curve Modulo Primes

We have seen in (6.4.4) that the correct Frey curve for our problem is given by
Ep,:Y?=X*—-3A,X +2C,.

Now if the 3-tuple (A, C,, B,,) were periodic modulo a prime ¢ we would have the
Frey curves Eg,, periodic as well. However the (B,) sequences are not periodic
modulo a prime ¢, but we do know by Corollary 4.5.9 that for a point P € Ep(Q)
the division polynomials 3-tuple (®,,(P), 2, (P), V,,(P)) modulo a prime ¢ is peri-
odic with period r7, where r is the rank of the prime ¢, and 7 is the multiplier of
r which gives the period as given by Corollary 4.5.9.

So if we allow the n'" multiple of a point to be written instead as

Uy Va
[TL]P = (I/VZ7I/V2> ) Una Vna Wn € Za

where W,, = U, (P), U, = ®,(P), V,, = Q,(P) are the scaled versions of the divi-
sion polynomials (see Proposition 4.7.2), then we can look instead at the associated

curve

Bw,: Y?= X3 3U,X + 2V, (7.0.1)

which has Ey,, periodic modulo ¢, but is a twist of the Frey curve Eg,,.

7.0.5 Mordell DDSs and Twists of the Frey Curve

The Mordell curves Ep: y?> = z* + D with nontorsion point P € Ep(Q) have
the associated EDSs (W,,) which gives us a curve Eyy,, defined over Q, for each
n € Znzo, given by (7.0.1).

An immediate question is what happens if the EDS value equals some integral
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multiple value of the denominator sequence, i.e., W,, = d,B,,, for some d, € Z.
Explicity how does this situation affect the trace at a prime ¢. The answer lies in
the fact that the curves Ey,, are quadratic twists of the Ep,. Now if d,, # +1,
then d,, is divisible only by primes of bad reduction of P.

Now we can compute the trace of Frobenius Frob, on Ey,, (which are periodic
modulo /) and compare back to the trace Frob, on Eg,, which differ at most by a
sign because Eyy, is a quadratic twist of Ep,. This is made precise for £ an odd

prime, if £ { d,,, by Theorem 2.12.2; we have

ae(Ewpn) = <d€"> ae(EBn)- (7.0.2)

If all primes of bad reduction of P are quadratic residues modulo ¢, and ¢ = 1
(mod 4) then we always get the positive sign and the traces are equal. Henceforth
we stick with the notation Ep,, with the tacit understanding that we are in fact

using its quadratic twist Eyy,,.

7.1 Bounding the Exponent p

For the case of Mordell curves Ep: y*> = 2® + D, the associated Frey curve Ep,,
from (6.4.4) has a conductor given by Ng, , = 21235 rady 3(DB,,). If Ep,, arises
modulo p from some newform f then we write Ep, ~, f. After level lowering
we find the newform f has level N, = 2/23/3 rad, 3(D), where we associate to each
newform f of level N, the corresponding elliptic curve E; of conductor N, by
modularity.

If we assume the Mordell curve contains a power integral point, which we
denote by B, = ZP, then by Kraus and Oesterlé¢ (5.2.3) we subdivide into two
cases dependent on whether a prime ¢ > 5 has ¢ { rad, 3(DZ,), corresponding to
good reduction on Ep,, and on Ef at ¢, or { > 5 has ¢ | rads3(Z,,), ¢ 1 raday3(D),
corresponding to multiplicative reduction on Ep, and good reduction on Ey at £.
Our choice of £ > 5 is due to the fact that both 2 and 3 always divide Ng, , and
N, since we always have f, > 1 and f3 > 2 by Tables 6.4.1, and 6.4.2.

Our method of attack will be to compare traces a,(Ep,,) with coefficients ¢, (f)

until we have ruled out the possibility, if we can, of any rational newform f cor-
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responding modulo p to some Frey curve Ep,. However there is a price to pay
in doing this: if we use primes up to ¢ < /¢, in comparing a,(Eg,) with c.(f)
in order to conclude that f does not correspond to Ep,, then we are assuming
p>L+ 1420 = (vl +1)% and so we cannot immediately rule out any p*®
powers having p less than (v//, + 1)? in the rational newform case. The following

Proposition 7.1.1, Lemma 7.1.2, 7.1.3 codifies these statements.

Proposition 7.1.1. Let E,, be the Frey curve
Ep,:Y?=X*—-34,X +2C,. (7.1.1)

Let o be a prime of good reduction for Ep,, and suppose f is a rational
newform having a level which equals the right conductor N, for prime p and index

n. If p > 4\/€y then for the correspondence Eg,, ~, [ we must have the equality

ae,(Epn) = coo(f), and if ag(Epn) # co(f) then Eg, o, f. Moreover any
primes p < 4v/ly and dividing (ago(EB,n) — Cgo(f)) > 0 have the correspondence

Epg, ~p f.

Let 0y be a prime of multiplicative reduction for Eg,,, and suppose g is a rational
newform having a level which equals the right conductor N, for prime q and index
n. If ¢ > (/€1 +1)? then Eg,, #, g. Moreover any primes ¢ < (/1 + 1)? and
dividing (aél(EB,n)(gl +1) — ¢y (g)) > 0 have the correspondence Ep ,, ~4 g.

Proof. Let £ be a prime of good reduction for Egp,, so that by Proposition 5.2.3

CLg(EB,n) = Cg(f) (IﬂOd p), l 'f NEB,n’ ETNP (712)

The lower and upper bounds derived from Theorem 2.11.3 for the trace a,(Ep,,)

are given by

— 2Vl < ay(Eg,,) < 2VL. (7.1.3)

Since the same bounds hold for the newform coefficient: |c,(f)| < 2v/¢, we find
the difference between ay(Ep,) and ¢,(f) is bounded by

— 4Vl < ay(Eg,) — o f) < 4V2. (7.1.4)

Therefore if we take p > 4v/¢ then the congruence in (7.1.2) taken modulo p is
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forced to become an equality. To see why let us assume p | (CLg(En) — ¢ f)) £ 0,
then by (7.1.4) this implies p divides an integer less than 44/0: a contradiction,
and so for (7.1.2) to hold with p > 4v/¢ we must have a(Ep,) = ci(f) for f to
arise modulo p from Ep,. Moreover if p < 4y/€, and p | ((lg(EBm) — ce(f)) > 0,
for some n, f, then Ep, ~, f.

Now let ¢ be a prime of multiplicative reduction for Ep,, so that by Proposi-
tion 5.2.3

c(f) = al(Epn)(l+1) (modp), (| Ngg,, (1N, (7.1.5)

where a;(Ep,) =1 or —1 in the case of split or nonsplit multiplicative reduction
respectively by Corollary 2.11.8. In similar fashion to the good reduction case we
find the difference between a,(Ep,)(¢ + 1) and ¢,(f) is bounded by

— WO — (0 +1) < c(f) —ae(Epn)(l+1) <2Vl + (L +1). (7.1.6)

We note that unlike the good reduction case we can never force the congru-
ence (7.1.5) to become the equality ¢,(f) = aw(Epn)(¢ + 1) because |c/(f)] <
20 < £ + 1 for all primes /.

Hence by the inequality (7.1.6), if we take p > £+ 1 +2+v/¢ then we can be sure
Eg., % f. Moreover if p < {41+ 2¢/¢, and p | ((Zg(EB,n)(f +1) — Cg(f)) > 0 for
some n, f, then Eg, ~, f. O]

Finally we note in Proposition 7.1.1 the case of additive reduction, which has
a¢(Ep,) = 0 by Corollary 2.11.8, can not occur if we wish to invoke Proposi-
tion 5.2.3.

Lemma’s 7.1.2, 7.1.3 explain how we use the bounds from Proposition 7.1.1.

Lemma 7.1.2. Let a prime ¢ > 5 divide a term B,. Then the reduction of the
Frey curve (7.1.1) modulo ¢ has a node, and we get multiplicative reduction (and
ag(EByn> = :l:l)

Proof. If a prime ¢ > 5 divides B,, then since A,, B,, and C, are pairwise
coprime, by (6.4.5) we have A = 2033(A3 — C?) = —263°DBY% = 0 (mod ¢), and
cy = 2'32A4,, # 0 (mod ¢). By Proposition 2.3.2 (b) we then have that Eg,,
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(mod ¢) has a node, so we always get multiplicative reduction (and a,(Ep,) = £1
by Corollary 2.11.8) at primes ¢ | B,,. O

Note that we must have ¢/ > 5 in Lemma 7.1.2, since if / = 2 or 3 then
A =c¢; =0 (mod ¢) with Eg,, (mod ¢) then having a cusp (and a;(Ep,,) = 0 by

Corollary 2.11.8), which cannot occur if we wish to invoke Proposition 5.2.3.

Lemma 7.1.3. Let P = (g—%,g—%) be a nontorsion point on the Mordell curve
Ep:y*=23+D. Let { > 5 not divide B, and not be a prime of singular reduction.
Let r(¢) > 5 be the rank of apparition of a prime ¢, with r(¢) dividing the index
n of a term in the sequence (B,,); then the Frey curve (7.1.1) has multiplicative

reduction at f.

Proof. Let (V,(P)) be the (fractional) EDS associated to the curve-point pair
(Ep, P), formed by the division polynomials evaluated at P. Now if (U, (P)) is
not an integer sequence, it is equivalent to a normalised one, say (W,) having
W, = 6"*~10, (P) for some rational constant 6.

Then we can use Theorems 4.5.3 and 4.5.2 which say for an integer EDS (W,,),
if ¢ 1 gcd(Ws, W3) then

W,=0 (mod/¢) ifandonlyif n=0 (mod r(¥)),

where r(¢) is the rank of apparition for the prime ¢ in (W,,). Now (W,,) will differ
from the integer DDS in general, where for ¢ | B; we have the point P = O
(mod ¢), and any singular reduction coming from primes having vy(Vy(P)) > 0
and v, (V3(P)) > 0 by 3.2.4. Away from these primes we have v,(B,) = v(¥,,(P))
by Proposition 4.7.2.

Now suppose we are checking at a prime ¢ with rank of apparition r(¢), and
that n =0 (mod r(¢)). Then we have ¢ | B,, and Lemma 7.1.2 implies

a¢(Ep,) ==+1 whenever n=0 (mod r(¢)),

as required. O

When comparing traces of the Frey curve (7.1.1) and the newform coefficient

for a particular newform f at a prime ¢ we now turn our attention to the bound
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on p we can obtain with respect to the Diophantine equation
C? - A2 =DZz%. (7.1.7)

If we assume we are in the same situation as Lemma 7.1.3 and are checking at
a prime ¢, with rank of apparition r(¢), it was seen the condition n = 0 (mod r(¥))

implied multiplicative reduction:
a¢(Ep,) ==+1 whenever n=0 (mod r(¥)),
so by Proposition 5.2.3 we need to rule out the possibility that
co(f) =£(f+1) (mod p).

We certainly will not have the equality c,(f) = £(£ 4 1) because |c,(f)] < 2Vl <
C+1.
Now when we compare the traces and coefficients when ruling out possibilities,

we actually look at the twist of Ep,
Ewn: Y? = X3 —-3U,X +2V,, (7.1.8)

which has FEy, periodic modulo ¢. Now due to the periodicity as outlined in
Corollary 4.5.9, we test all Frey curves Ey,, up to n = r(¢)7. This means in the
multiplicative case we need to rule out any n =0 (mod r(¢)).

We have seen in Proposition 7.1.1 that in the case of good reduction, we cannot
rule out any primes p < 4v/¢, and in the multiplicative case we cannot rule out
p < 2Vl +{+1. Now in order to rule out any n divisible by 7(£) we are assuming
p> 204+ 0+1 > |c(f)|+ €+ 1. We must therefore take this greater bound since
we always have multiplicative reduction occur for some Frey curve Eyy,,, whenever
r(¢) | n for some prime ¢ | B,.

Hence since we know we will get multiplicative reduction when the rank of
apparition divides the index n, this shows that the bound in this case is p >
{4+ 1+ |eo(f)], and we need to rule these out.

Lemma 7.1.4. Suppose q is a prime dividing By, and ¢ > 3 is a prime number
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not dividing D and with rank of apparition q in the sequence (By,). Then no term
B, is a perfect p™ power, for p > max{f + 1+ 21, v,(B;) + 1, 17}.

Now assume € is a prime with rank of apparition q with conditions: €1 N,, and
po > 2V + 0+ 1. Then for all p > py, By is not a p™ power, and equivalently B,

s not.

Proof. Suppose p > max{v,(B;) + 1, 17} and B, is a perfect p™ power. Then
Ve(Bp) = vy(B1) + vy(n) is a multiple of p, and so is greater than v,(B;). Hence
vy(n) > 1 and so ¢ divides n, and ¢ divides B,, (since (¢) = gand n =0 (mod q)).
But then Eg,, has multiplicative reduction at ¢, while ¢ does not divide N,, (since
it does not divide 6D). Thus, by Proposition 7.1.1, we must have p < £+ 1+ 2V/¢,

as required. O

Ezample 7.1.5. Take the rank 1 Mordell curve E39: y? = 23+ 130, having nontor-

399 26287
1697 2197

with the prime 13 in eliminating newforms since [13] P and all its multiples reduce

sion point P = ( ). Hence B; = 13; this means we cannot work explicitly

to the point at infinity. Now if we compute [13]P, B3 comes out as

By =137 -2963 - 36979 - 19711537 - 164729839 - 115431264469
- 53214681173383 - 169253642653426839681382309771391982752801293
53741027162231575714384019007610066948230409681426647197430356
48115475049620599756620190345316334251576959802945622594101480
50384287874248636004829874275118350448920604427

where the last prime has 216 digits. We note vi3(B13) = v13(B1) + v13(13) =
1+ 1 =2. We also find the rank of apparition of the prime 2963 is 13, and that
2963 1 6 - 130 and so we can invoke Lemma 7.1.4. Hence E 13 has multiplicative
reduction at 2963, and so B, is not a p'® power for any prime p > (v/2963 + 1),
which has py = 3079. Then for all p > py, B, is not a p'" power.

The bound of pg = 3079 from Example 7.1.5 is rather large, and in the next
Section we show an algorithm using a sieve based on the Chinese Remainder
Theorem to lower the bound found using this manner (we end up getting po = 113

in the rational PIP case).
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7.2 The Chinese Remainder Sieve

In this Section we implement what we call the Chinese Remainder Sieve (CRS)
which is an algorithm we have designed to work in Pari/GP [43] which makes use
of the Chinese Remainder Theorem (CRT) to compare the traces of the Frey curves
with the integral coefficients of newforms. Hence our algorithm can only be of use
in testing rational newforms, and for any irrational newforms we must use the
bound given in Proposition 5.2.9. The algorithm consists of various Pari/GP
routines which will be explained in Subsection 7.2.2. On implementing these
Pari/GP routines we can (hopefully) eliminate all rational newforms from oc-
curring and show no power integral points occur, but this comes with an inherent
bound due to the size of the final prime number used in eliminating the newforms,
call this final prime number ¢,. Then we always have our results with the restric-
tion: no perfect p'" powers for p > py, where by Lemma 7.1.4 py is the next prime
greater than (1/7, + 1)2. By Proposition 7.1.1 we see we can do slightly better
than this bound by noticing the only primes less than this bound p, which need
to be ruled out are those primes p dividing some ¢,(f) — a;(Ep ) for primes ¢ of
good reduction, and those primes p dividing some ¢;(f) — a¢(Ep,)(¢ 4+ 1), in the
multiplicative case where a;(Ep,) = 1 or —1, and we test each n in range in both

cases. In each of these cases we can compute these primes explicitly.

Set out r primes {1 < fy < --- < £,, then work out the lem of the periods: M =
lem(M (6y), M(ls),...,M({.)) and use the Chinese Remainder Theorem on the r
sets of congruences associated to the sets Sy, for 1 < ¢ < r, to get congruence
conditions modulo M, where M is large, say M > 10°. Then the hope is to show
the possibilities for B, being a p™ power integral point for such a large bound on
n are impossible, allowing for any controlled bound, whereby if we stop at ¢, we
have no p'" PIPs for p > (y/7, + 1)?, which is necessary by Proposition 7.1.1.

Let P be a nontorsion point on the Mordell curve Ep: y? = 2%+ D, with its n'®
Ap Cn
B2’ B2
of levels IV, which we shall denote by §g, p, along with congruence conditions on

multiple given by [n|P = ( ). The pair (Ep, P) gives a finite set of newforms

n.
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For f € §g,,p we should like to compute

{n:a(Epn) = clf)}-

If we know (‘%") = 1, i.e., £ =1 (mod 4) and all primes of bad reduction are

quadratic residues modulo ¢, then this is

Sre=An:a(Bw,) = c(f)};

otherwise it is contained in

Spe={n:lae(Ewan)| = led(f)]}-

The Sy, are given by congruence conditions (i.e., unions of arithmetic progressions)
because the curve Ey, from (7.0.1) are periodic modulo ¢, so the trace will also
occur periodically modulo M (¢), where M ({) is the period of the EDS (W,,) at
(. If we fix a newform f € §g, p and compute the trace at ¢ for each curve
Ew,, for n = 1 to M(¢), this will give a finite list 7, of possible traces. Now
after comparison with the newform’s coefficient ¢,(f), if it is in 7y, note the index
n of the corresponding curve Ey, with the matching trace to obtain a set of

congruences:

Sie={n:n=ny,ny,... (mod M({))}. (7.2.1)

It may be that Sy, is empty, in which case we can discard f as a possibile newform

corresponding to a PIP.

Let £ be a set of primes. Fix a newfrom f; for each prime ¢ in £ we obtain a
set Sy, as in (7.2.1), and write Sy for the intersection of all such sets, so

T

Stc = () St = {n: n satisfies some simultaneous congruences}.
i=1
If ever Sy, = @ then we can rule out f; if not then we get congruence conditions
on n instead. If there is an £ such that Sy is empty for all f in §g, p then we

are done, if not we still get strong congruence conditions on n.
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It is in this manner that we shall proceed to build sets of congruences based on
matching traces with coefficients, and then compare these sets using the Chinese

Remainder Theorem.

7.2.1 The Modular Method Applied to E_: y?> = 2% — 2

We give here a worked example on the Mordell curve E_,: y* = 23 — 2 to illustrate
how to implement the results. This is a good curve to use as after level lowering
we end up with a level for which there are only rational newforms.

Our problem is to find where, in the DDS formed by the sequence of B,, coming
from E_,, we have B, occurring as a p'® power. Specifically, we want to solve the
equation

B, =2¢ for p prime p =11, or p > 17. (7.2.2)

n

It was essentially a Theorem of Fermat that the only B, coming from E_, and
equal to the perfect power 1 are B; and B_1, since he showed the only integral
points on E_y were (3,£5). (For a proof of this fact see [35, Ch. IX.7 Prop.
7.1(b)].)

So let us assume that on E_y the n'® multiple of the nontorsion point P = (3, 5),
%, %), with ged(A,C,, B,) = 1, is a power integral point with
B, a p'" power, sa}: Bnn: ZP, where p is a prime p = 11, or p > 17.

given by [n|P = (

The defining equation for E_5 has the associated Diophantine equation for this
PIP as
C2 — A2 = —27%. (7.2.3)

Firstly as we have already noted, the point P = (3,5) is a PIP itself as it
has Bp = 1 (as does the other integral point on E_5, (3,—5)), which is a perfect
power raised to any integral exponent, so this already tells us some newforms can
never be ruled out using this method since they are associated to the PIPs (3+5).
Hence the best we can do is rule out all other newforms of the level in question
and get some lower bound on p" powers associated to Frey curves arising modulo
p from the newforms we know have to exist. Secondly there are no primes of bad

reduction for P on F_,, which tells us the only quadratic twists of the ensuing

Frey curve come from Q(y/—1).
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Consider the Frey curve derived from Theorem 5.3.3,
Epn: Y?=X>—-3A,X +2C,. (7.2.4)

Now in accord with our discussion on periodicity in Section 7.0.3, we change our

nonperiodic Frey curve (7.2.4) to one that is:

Ew,: Y?=X3—3U,X +2V,. (7.2.5)

The conductor pertaining to the curve (7.2.5) is
N = 2P23%5 rad, 5(—22%) = 27235 rad, 5(Z,).

The values for fy and f3 can be read off from Tables 6.4.1, 6.4.2, where we note
in the case of f3 we have the condition of Papadopoulos, P, satisfied from (5.3.3)
since ¢y = 213%A,,, ¢ = 253°C,,, whence v3(cs) > 2, v3(cg) = 3, and so f3 = 2 in

all cases. We summarize the results for the conductor:

2-3%rade3(Z,) if Z,isevenand C, =1 (mod 4),
N = (7.2.6)
27 3*rady3(Z,) if Z, is odd.

We know there are only finitely many integer solutions possible for Equa-
tion (7.2.3) as its charcteristic is less than zero by Subsection 5.3.2. To start with
we know that the point P = (3,5) is on F_5: y* = 23 — 2. Hence (4;,C}, By) =
(3,5,1) is a solution to (7.2.3) (as is (3, —5,1)), so (7.2.5) gives us the curves

Ewy1: Y? =X —9X + 10, (7.2.7)

Ew_1:Y?=X>-9X —10. (7.2.8)

The curves (7.2.7) and (7.2.8) are the curves 1152al and 1152m1 in Cremona’s

tables respectively: as is seen the curves are twists coming from Q(v/—1). The
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newform corresponding to Eyy,_; is

Fi=q+2¢° =207 —4g" —2¢" — 4g' T — 40" — 8¢% — P +6¢° + - -,
while the newform corresponding to Eyy 41 is

For = q+24° + 297 + 4¢™ — 24" — 4¢'7 1 4¢" + 8¢% — ¢® 1 6¢% — - - .

On inspection these are: f 1 = f; and f,; = f1; from Table 7.2.1. As explained
in Subsection 7.0.5 these two curves have the same number of points modulo 5,
13, 17, 29, etc., but not modulo 7, 11, 19, 23, etc. This explains the sign changes
for the coefficients in the g-expansions for the newforms f,; and f_; at prime
exponents Z 1 (mod 4).

Level lowering of the conductor given by (7.2.6) gives us

18 if n is even, and C,, =1 (mod 4),
N, = (7.2.9)
1152 if n is odd.

Using the recursive formula given in Proposition 5.1.2 to compute the number

of newforms of a level N, we find

¢ No newforms of level 18.

o Twenty newforms of level 1152.

Remark 7.2.1. In fact the recursive formula gives forty newforms of level 1152,
but we find using Pari/GP that each newform in this conjugacy class has a
corresponding conjugate newform, and so up to conjugacy there are only twenty
newforms. This also shows us that there are no irrational newforms at level 1152
(or indeed at level 18).

The twenty newforms of level 1152 are given in Table 7.2.1. In fact we only need
be concerned with newforms f; to fi9 as newforms fi; to fog are just quadratic
twists of the first ten by v/—1 (Table 7.2.1 is ordered so f; is a quadratic twist of
fiz1o for 1 < < 10).

Hence to investigate the existence of power integral points on F_,, other than

(3,£5), we look to rule out, using the Modularity Theorem and our Frey curve,
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Fl=q+20° —2¢7 — 4" — 2" —4q" T — 4¢Y° — 8¢ — ¥ +6¢®° + - --
fo=q—2¢° +2¢7 — 4¢™ + 2¢" — 4g"T — 4g" + 8¢ — ¢® — 64 — - --
fo=q—2¢° +2¢7 — 4q" — 2¢"% + 4q"T + 4™ — 8¢ — ¢® —6¢%° — - .-
Fi=q+2¢7 +4¢" + 6" — 6417 — 4¢% — 5¢% — 4¢®° +10¢° +2¢° + - - -
fo=q+2¢° +4q7 +2¢" — 2¢" +2¢'7 + 2" + 4% — ¢ — 642 + - - -
fo=q—2¢° +4q7 — 2¢" + 213 + 2¢'7 — 2¢"° + 4¢% — ¢ 1 64 — - ..
Fr=q+4¢° +2¢7 — 4g™ + 2¢" + 2¢'7 + 810 — 4¢® + 11¢% — 6% + - -
fo=q—4¢° — 2¢7 — 4g™ — 2¢"3 + 2¢'7 + 84" + 4% + 11¢% + 6% — - -
fo=q+2¢° +2q7 + 4g™ + 2¢"3 + 4¢"T — 49" — 8¢% — ¢ + 642 — - -
Flo = q +2¢7 — 4¢™ — 6¢"° — 6¢'7 — 4¢% — 5¢® + 4¢® +10¢°! — 2¢°7 + - --
Fio=q+2¢° +2¢7 + 4q" — 2¢" — 4q'T + 410 + 8% — P + 6420 — - .-
Flo=q—2¢° —2¢7 + 4¢" + 213 — 4q'7 + 4¢"° — 8¢% — 5 —6¢% + - --
fia=q—2¢° — 247 + 4¢™ — 2¢" + 4¢"T — 4¢" + 8¢% — ¢® — 6¢® + - --
Fra=q—2¢7 — 4¢™ + 6¢"° — 6¢'7 + 4¢% — 5¢% — 4¢%° — 10¢°! + 2¢%7 + - --
Fis = q+2¢° — 4q7 — 2¢" — 2¢"3 +2¢'7 — 2410 — 4¢® — ¢ —6¢® + - --
6= ¢ — 207 — 4q7 + 2¢" + 24" + 2017 + 24" — 4¢% — ¢ + 642 + - --
=g+ 45 — 207 + 4¢™ + 26" + 20V — 84" + 4¢% + 11¢% + 6% + - -
Fis = q — 4¢° + 2¢7 + 4¢™ — 2¢" + 2417 — 841 — 4¢® + 11¢%° — 6% — - --
Flo = q+2¢° — 2¢7 — 4¢™ +2¢" + 4¢"T + 4™ + 8¢% — ¢ + 642 + ---
0 = — 207 + 4¢" — 6¢13 — 6¢'7 + 4¢%° — 5¢® + 4¢%° — 10¢°! — 285 + - -

Table 7.2.1: Newforms (up to Conjugacy) on I'g(1152) of Weight 2 over Z

any of the nine newforms f; to fi9 of level 1152 attached to putative solutions of
our equation using periodicity, and thereby obtain congruence conditions imposed
on n as explained in Section 7.2. So we need to show these newforms are not
associated with any Fy, with n > 1, where we are free to take positive n. We
already have our first congruence condition on n, namely n =1 (mod 2) since we
ruled out the possibility of W,, being even, which is the same as the condition that
the index n be even. Hereafter we need only take the odd multiples of the point
(3,5), that is we are only now concerned with Eyy,, having n odd.

The smallest prime we can start with is £ = 5, so now we take multiples of
(3,5) and reduce the 3-tuple (U,, V,,, W,,) modulo 5; we find the period modulo 5
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to be M(5) = 8. The reduced Frey curves of odd index are all congruent modulo

8, and we have

Ewi = Ewg

I

EW52E~'W77Z YQEX3—|—X (mod 8)

Hence the traces at 5 will all be the same: a5(Ew1) = a5(Ews) = as(Ewgs) =
as(Ew) = 2. This rules out any newforms that do not have 2 as a coefficient for
¢° in their Fourier expansions, leaving fi, f5, and fo (and their twists fi1, fi5, and
f19) in Table 7.2.1 as possibilities. Hence from our initial set of ten newforms only
three remain with just our first value for the prime ¢. The congruence we have
is n = 41,43 (mod 8) which is equivalent to n being odd as before. We present

this result as a set:

@ if r #£1,5,9,

S f5} =
{n:n=1 (mod2)} ifr=1,509.

The newform f; cannot be discarded but we can continue in the same manner
using periodicity to try to rule out the other two newforms f5, and fy.

For ¢ = 7 we find, using Pari/GP, that M(7) = 42, with the possible traces
at { =70 az(Bwn) € {—2,—1}, which is equivalent to az(Ep,,) € {£1,£2} due
to 7 = 3 (mod 4). Now since f5 has 4, and fy has 2 for the coefficient of ¢” in
their respective expansions, we find we can rule out f5, but not fy as it may be
associated to some Frey curve Eg, having 2 as its coefficient for ¢” in its associated
newform expansion. Hence Sy, » = &, but Sy, 7 # &. After cutting all equivalent

congruences modulo 42 to get a congruence modulo 7, this gives the sets

Spr1=S8pr={n:n=1,2,3,4,5,6 (mod7)}.
Solving the sets of congruences in Sy, 51, and Sy, 7 simultaneously gives

%) ifr#1,9,

Sf 51y =
{n:n==+1,£3,£5 (mod 14)} ifr=1,09.

For ¢ = 11 we find, using Pari/GP, that M(11) = 24, and the possible
traces at £ = 11: a1 (Ew,) € {—6,—2,0,1,4}, which is equivalent to a1, (Ep,,) €
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{0,41, 42,44, +6}. The coefficient of ¢! for fy is 4 and so we cannot rule out fq
as a possibility. We now check the set of twenty-four traces of the reduced Frey
curve Fy,, modulo 11 with respect to the order in which they appear to see where
+4 appears to get a congruence for n. We do not find —4, but we do find 4 at
index n =1, 11, 13, and 23 to give the sets

Spin=8p1n={n:n==+1 (mod 12)}.

Solving the sets of congruences in Sy, (57}, and Sy, 11 simultaneously gives

%] ifr#1,9,

Sy, 5711y =
(n:n==41,+11, 413,423,425 +37 (mod 84)} ifr =1, 9.

For ¢ = 13 we find M(13) = 114. Since 13 = 1 (mod 4) the coefficients of
q'3 for the newform twists are the same. We find ci3(f1) = —2, and ¢13(fy) = 2,
and so now check the set of 114 traces of the reduced Frey curve modulo 13 with
respect to the order in which they appear to find where £2 appears. This gives

the two sets:

Spas={n:n=17,911,13,15 23,25 27,29,31,37 (mod 38)}:
Spo1s = {n:n=4,68,10,12,18,20,26,28,30,32,34 (mod 38)}.

Solving the sets of congruences in Sy, (57,11}, and Sy, 13 simultaneously gives

1%} ifr#£1,

Sfr,{5,7,11713} -
{n:n=+1,+11,+13,423,... (mod 1596)} ifr =1,

where n is congruent to 144 values.
So any p'® power integral point [n]P with p > (v/13 4+ 1)?, ie., p > 23, by
Proposition 7.1.1, must come from the newforms f; or fi;.

For ¢ = 17 we find M(17) = 288. Since 17 =1 (mod 4) the coefficients of ¢'7

for newforms and their twists are of the same sign; we have for the newform f;
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the set:
Spir={n:n==1,£5 (mod 18)}.

Solving the sets of congruences in Sy, (57,1113}, and Sy, 17 simultaneously gives

Sfl7{577711713’17} = {n n= ]_, 13, 23, 37, 85, 107, 121, 143, 145, 167, 179,
181, 215,229,239, 251, ...,4703,4751,4765,4775,4787 (mod 4788)},

where n is congruent to a total of 288 values.
When checking for the absence of perfect pt powers in the DDS associated to
the elliptic curve E_5: 4> = 2% — 2 in the manner above, if we check up to the

prime ¢ = 113 we find the smallest congruence with n > 1 to be
ng = 113762879 (mod 1314822960360),

where 13148229603602 factorsises as 23 - 3% -5 - 7% -13-17-19 - 61 - 97. (This
computation took 3h, 46min on a 2.5 GHz Intel Core i5 processor with 16 GB
1600 MHz DDR3 of RAM; for the timings of the other computations preceding
this one, which were significantly lower see Table 7.2.2.) This means if we look at
our Frey curve, with the exception of n = 1, no Frey curves Ey,, are associated to
any p'' PIP for 1 < n < 113762879; the first possible candidate being Fi13762879:

. Vv2 . yv3
EW,113762879 YT =X — 3A113762879X + 261113762879'

In general the best we can hope for is a congruence condition on the index n and
a bound on the exponent p. For the case above we have that there can be no p™
power integral point for any n such that 1 < n < 113762879 for p > (v/113 + 1),
ie, p>137.

Continuing in the manner above using Pari/GP we arrive at the following

Theorem:

Theorem 7.2.2 (Buck). Let Bg , p = (B,,) be the DDS associated to the elliptic
curve E_o: y* = 23 — 2 and point P = (3,5), and let ({enq, po, no) be as in any row
of the Table 7.2.2 below. Then there does not exist an n with 1 < n < ng, such
that B, is a perfect p™ power, with p > py with py the next prime > (v/lena + 1)2.
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The meaning of the Q)opt column of Table 7.2.2 will be explained in Subsec-
tion 7.2.2. Theorem 7.2.2 just gives a bound on the nonexistence of p'* perfect
powers for B,, in the range 1 < n < ng, for p > pg and so this process can be carried
on indefinitely getting higher bounds for ng, and pg thus disqualifying more possi-
bilities for n and p. In Theorem 7.2.2 the values obtained in Table 7.2.2 indicate

the prime /l.,q at which the value of the next smallest congruence increases.

lend Do ng Qopt Time
5 11 1 2 4 ms
717 3 2.7 10 ms
11 19 11 2-3-7 11 ms
17 29 13 2-3-7-19 47 ms
23 37 23 2-3-7-19 74 ms
29 41 121 2-3-5-7-19 131 ms
37 53 1079 2:3-5-7-19 299 ms
41 59 2519 2:3-5-7-19 318 ms
61 79 16631 2-3-5-7-19-61 666 ms
79 101 49391 2-3-5-7-19-61-97 26,323 ms
89 109 244441 2:3-5-7-19-61-97 32,701 ms
97 127 388079 2-3-5-7-13-19-61-97 9min, 45,177 ms

113 137 113762879 2-3-5-7-13-17-19-61-97 3h, 36min, 20,655 ms

Table 7.2.2: PIPs on Elliptic Curve F_5: y* = 2° — 2, and Point P = (3,5) for
N, = 1152, with Optimal Qp¢, and Timing for Qopt

7.2.2 Pari/GP Implementation

The process outlined in the example in Subsection 7.2.1 was automated by the
computer algebra system Pari/GP. For a rank 1 Mordell curve Ep, having gen-

erator P, we start by initialising the curve

e = ellinit ([0, 0, 0, 0, D], 1)
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: 2 3 5 7 11 13
M(0) : 2 3 2 2:-3-7 23.3 2-3-19
: 17 19 23 29 31 37
ML) : 25 . 32 3 2411 2.5-7 22.3.5.7 32.72
: 41 43 47 53 59 61
M(): 2-3.-5-7  22.3.7 25.23 2.32.13 23.3.29 2-5-61
: 67 71 73 79 83 89
M(): 2-3-7-11 22.3.5.7 33 3.13.-97 22.7.41 2*.3.5-11
l: 97 101 103 107 109 113

M()y: 2*.3.13 2-52.17 2.7-13-17 23.3%.53 24.33.7  25.7.19

Table 7.2.3: Periods M(¢) for EDS Modulo ¢, coming from Elliptic Curve
E_5: y* =23 — 2 and Point P = (3,5)

and generator point

p = [a/b72, ¢/b”3]

Then the Pari/GP routine ellinput generates a set of elliptic curves

Y = ellinput (Np)

of the right level N,; the set Y is a set of 3-vectors: for 7 in the range of the length
of Y, Y[i][1] is the initialised curve; Y[i][2] the set of congruence conditions; and
Y[i][3] the value of the modulus. For each of these curves we then compute their

traces at a prime ¢, and our Pari/GP routine ellapfreyn generates a set of traces

X = ellapfreyn(e, p, I)

at that same prime ¢ for the Frey curves Eyy,,. For reasons explained in Section 7.1
we start at £ = 5 since 2 and 3 always divide both Ng,, —and N,; as well we
skip any primes dividing the elliptic denominator b, since these cannot be used
with edsrankofapp(e, p, I). When we work out the rank of apparition of a prime
for a noninteger EDS derived from an elliptic curve-point pair, we need only be
concerned with avoiding primes dividing the elliptic denominator b. This follows

since we can normalise the fractional EDS (w(n)) to an equivalent integer EDS
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(w'(n)) by multiplying the first four terms thus to get an integer seed:
e 7 (i2—1) .
w'(i) = w(i)b fori=1,...,4.

The ranks of any primes not dividing b staying the same.

The distinction between when the traces at a prime ¢ of Ep,, are equal in sign
or not to those of the twist Ey,, is implemented in the code by the routine goodl
which performs the following check: If —1 is a square modulo ¢ and all primes of
bad reduction for the point P are squares modulo ¢ then we can check the actual
values of the trace; otherwise we only check their absolute values at the possible

loss of some efficiency. This gives us a set

U = goodl(e, p)

The values for a[n] are computed via the normalised recurrence for ®,, in (3.1.12),
and the c[n] computed from the a[n] and the defining Mordell curve equation; both
are initially intmods. Finally when we compute the Frey trace we note the dis-
criminant of the Frey curve is A = 2633(A43 — C?); in the function ellapfreyn we

take the lifts, al[n], cl[n] of the intmods a[n], c[n] respectively, to give the trace as

ellap(ellinit ([0, 0, 0, =3%(al[n] — 1), 2xcl[n]]), I)
where we take (al[n] — 1) to preclude the case of the lifts having
al[n]73 — cl[n]72 =0

We now use the Pari/GP routine clnewform to compare these traces at a prime
¢ of the curves Ey,, with the traces of the actual elliptic curves of conductor equal
to the level N, thereby generating a set of congruence conditions modulo some
divisor of the period M(¢) for each curve of level N,. All the aforementioned
conditions are handled by the algorithm recursively calling the routine clnewform.

This is acheived by the routine

clnewformall(e, p, Y, Q, L, M, bd)

where L and M give lower and upper limits respectively for the range of primes to
use in clnewform. clnewformall sets up the computation by disregarding any primes /¢

with period M (¢) greater than the bound parameter bd. The value Q is used by the
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program as another bound, this time in the size of the modulus the congruences
are allowed to have. First it checks if ged(Q, M (¢)) = 1, and if so returns Y.

For each form there is in Y there is initially one defining congruence. To start
with clnewform is run at the first prime ¢ in range, and for each prime tested checks
it is not a factor of the denominator b, if so it skips that prime, if not it goes on
to compare the traces of sets of Frey curve traces in set X with those traces of
the elliptic curves attached to set Y by using the compare routine, which compares
the traces of the elliptic curves one-by-one with those of the Frey curves, and if
it finds a match at the j* Frey curve, say X[j] = ellap(Y[i ][1], I), where ellap is
the Pari/GP routine for computing the trace of an elliptic curve; it then stores
this result as Mod(j, m) in a Pari/GP vector, where m is the given modulus. Now,
dependent on whether —1 is a square modulo ¢ and all primes of bad reduction
are squares modulo ¢ we check the actual values of the traces to give the set of

intmods

W = compare ([X, M], ellap(Y[i][1], I));

otherwise we only check their absolute values to give the set of intmods

W = compare([abs(X), M], abs(ellap(Y[i][1l], I)).

These congruence conditions in W are then compared using the CRT with those
attached to the intmods Y[i][2] in ellinput by the routine chinchin leading to the
form being either discarded, or having a solution set. This outputs a set of curves
containing hopefully fewer curves than we initially started with, and strengthened
conditions on the congruences. The output of clnewform will then act as input for
future comparison by the routine for a different prime. If after completion any
newforms remain they make up the output, along with any extra congruences
generated to the new modulus.

For example take the first two primes we test with in the example of Subsec-
tion 7.2.1: ¢, = 5 and ¢, = 7. This involved solving the two sets of congruences
Spsp={n:n=1 (mod 2)},and Sy, 7 = {n:n=1,2,3,4,5,6 (mod 7)} simul-
taneously using a brute force approach in Pari /GP by writing out the congruences

as sets modulo the product 2 - 7 = 14 to give possible values for n as:

ne{1,3,579,11,13};
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ne{1,2,3,4,5,6,8,9,10,11,12,13}.

The values for n in the intersection of these sets are shown in bold, and these

elements hence satisfy both congruences giving;:
ne€{1,3,5,9,11,13}
which can be expressed as the congruence in the example

Spsny={n:n==+1,4+3,£5 (mod 14)}.

In this way forms are discarded until at some prime £,q, if possible, all forms are
discarded, which will then show no p'* PIP is possible with p > (v/fena+1)%. To do
this by hand for each prime would be cumbersome, so clnewformall is an automated

version which takes a start and end point for our range of tested primes.

For large ¢ the algorithm will generate lots of congruences, which we seek to
limit by various utility sorting functions. As well we add in some extra parameters
to speed up computation at the compromise of losing data: when working out the
traces to compare, if the period is greater than some predefined bound then this
set of traces is skipped and we move on to the next prime. If we fail to lose all

newforms, then we can always refine our search later.

Another way we can control the process is to control the congruences, specif-
ically the modulus of the systems we output by a parameter we call the Q-part.
Because the traces at ¢ are modulo the period M (), we can use knowledge of the
prime factors of the period by specifying which primes we wish to have contained
in our modulus; any period which does not contain these has that prime skipped
by clnewform. This has the benefit of not letting the modulus get too big, as we
can keep large factors out, and also means we can use just a few small primes to

quickly generate congruence sets we can do CRT with.

The @Q-part acts as a control for setting which prime factors of the period M (¢)
in clnewform we choose to have as a factor of the modulus. Since we check up to
¢ = 113 in Theorem 7.2.2, we also check the prime factors of M (¢) for each ¢ in
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the range ¢ = 2 to 113; these form the set
Sue =1{2,3,5,7,11,13,19,23,29,41, 53,61, 97}.

Hence for our optimum value of ) we choose the product of these primes as they
will form the basis for the factors of the moduli when we run our program. This
is the @-part used in Theorem 7.2.2 whose values are exhibited in Table 7.2.2.
However once the computation is run we see, with reference to Table 7.2.2, that
no Qopt uses primes 11, 23, 29, 41, and 53, which appear as prime factors for the
periods M (¢) in Table 7.2.3 for ¢ = 23, 67, 89 for 11; for ¢ = 47 for 23; for ¢ = 59
for 29; for ¢ = 83 for 41; for £ = 107 for 53.

For example, if we changed the optimal value of () in Theorem 7.2.2 to one of
primorial 19,i.e., Q =2-3-5-7-11-13-17-19, we obtain the values in Table 7.2.4,
where the table indicates the prime f.,q at which the value of the next smallest

congruence increases in

clnewformall(e, p,[y[1]], 2%3*5%7x11x13%17%19, 5, |_end, 500000)

A quick examination of the differences between Table 7.2.2 and 7.2.4 shows the sep-
aration between the f.,q primes are the same up to fe,q = 41 with the nonoptimal
Q skipping lenqa = 61, 79, 89, 97 since the Qqp factors of 61 and 97 are no longer
present. We find the next jump at lepq = 101 with ng = 52919 (mod 74070360)
where the modulo factorizes as 23-32.5-72.13-17-19; we also find fe,q = 113 giving
no = 2010959 (mod 222211080) where the modulo factorizes as 23-33-5-72-13-17-19
and takes just 1,525 ms compared to our best value of ng = 113762879 taking con-
siderably longer at 3h, 36min when the Q-part is optimal.

Example 7.2.3. Consider the rank 1 Mordell curve Fgg: y* = 2% + 66, with nontor-
sion point P = (3, %) € Eg(Q). The conductor of Fg is N = 114048 and after
level lowering this becomes N, = 198, which has associated to it five rational new-
forms and no irrational ones. The Mordell curve Egg is also special in the sense
that it contains no integral points, and so we may keep discarding the rational
newforms until all are discarded, hypothetically, assuming there are no PIPs on
the curve. This will give a bound which depends on how we set up the computa-

tion. We compute the first few periods which we give in Table 7.2.5, noting that
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lend Do no
5 11 1

T 17 3
11 19 11
17 29 13
23 37 23
29 41 121
37 53 1079
41 59 2519
101 127 52919

113 137 2010959

Table 7.2.4: PIPs on Elliptic Curve E_5: y?> = 2% — 2, and Point P = (3,5) for
N, =1152, with Q =2-3-5-7-11-13-17-19

2 divides the numerator of the point and so we give this singular prime no period.

I 2 3
M) : X 3
£ 17 19

5 7 11 13
23 3.13 211 22
23 29 31 37

M): 2°-3%2 2.3%.7 24.3.11 2.5.7 22.32.5 22.32.7

Table 7.2.5: Periods M (¢
23 4 66 and Point P = (

)

for EDS Modulo /, coming from Elliptic Curve Fgg: y* =
5

We now set the range to run from ¢; = 5 to f.nq, where fo,q is the finishing

prime in clnewformall after all five newforms get discarded, with various single prime

values of () and note the time taken on a 2.5 GHz Intel Core i5 processor with
16 GB 1600 MHz DDR3 of RAM. We can then be sure there exist no p™ powers
for the next prime p > (v/fenq + 1)% call this bound py. The differences in the

times show how long it takes for the congruences to gain a contradiction with each

single () prime being used for the modulus. Hence, as would be expected, the larger

prime modulii take longer to give a contradiction, with a larger prime bound. We
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shall return to this issue in Chapter 8 where we shall investigate Mordell curves
containing no integral points and proceed to give the best bound possible for a
range of curves, and in particular find Egs has py = 23, as predicted by our test
prime 2 in Table 7.2.6.

Q gend Do Time
2 13 23 5 ms
3 37 53 46 ms
5 59 79 38 ms
7T 37 53 22 ms
11 263 307 12,404 ms
13 97 127 566 ms
17 509 557 4min, 3,914 ms
19 367 409 42,099 ms
23 277 313 15,233 ms

29 349 389 1min, 5,415 ms
31 929 991 bH4min, 51,093 ms
37 443 487  2min, 10,671 ms

Table 7.2.6: Q-part and the Time to Finishing Prime f¢.q on Egg: % = 2° + 66

We saw in the case of the Mordell curve E_5 that we quickly halved the number
of Frey curves we had to investigate by noting that n had to be odd. The function

ellinput (Np, Mod(0, 1))

is set by default to 0 (mod 1), but if we knew that n had to be odd, i.e., n =1

(mod 2), then we could initialise our set of forms as

ellinput (Np, Mod(1, 2))

Having some knowledge of the factorisation of the nontorsion point on the Mordell
curve can also be made use of. We note that, for some prime ¢, if ¢ | By then
vy(Bn) = vy(B1) + vy(n). In particular if we have a perfect power B,, = Z?, with
p > 11, p # 13, we get

Vy(Z]) = vy(B1) + v4(n) > p,
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80 vy(n) > p — vy(Bi). Thus we start with a congruence of [Mod (0, g?~%a(B1))].



Chapter 8

Mordell Curves with No Integral

Points

In this Chapter we look to implement our method in cases where we can prove
there are no p'™ power points for p large enough. For this we need our Mordell

curves to contain no integral points.!

8.1 Mordell Curves

One of the drawbacks of our method is the problem of integral points, which
have By = 1, and so are power integral points for all primes p. Thus to test our
approach we need Mordell curves with no integral points. Since Mordell curves
have Weierstrass coefficient a; = 0, we have by Theorem 2.5.3 (a) that any torsion
point P = (z(P),y(P)), must have z(P), y(P) € Z. Therefore Mordell curves
possessing no integral points are torsion free.

We note that we can not use Propositon 5.2.9 to obtain a bound for the rational
newform case. To see why, assume we have a prime ¢ such that 24 N and £ { N,
where N is the conductor of the Mordell curve, and N, is the lowered level of the

newforms. Now consider the set

Sp={acZ:—-2V/l<a<2Vlanda=(+1 (mod )}

!Extensive data for Mordell curves with |D| < 10000 was communicated to the author by
Attila Pétho, for which he is extremely grateful.
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of Propositon 5.2.9. Since a and ¢, both obey the Hasse bound: |a| < 2v//, and
|ce| < 2/¢; when we form the product

[T Nijala = co)

a€Sy

this will always be zero, since one of the values of a in Sy, will necessarily equal ¢y,
and so By(f) of the Proposition will always equal zero in this case, and so can not
be used to calculate a bound for p. This also means for the irrational newform
case we have to take t = 1 in the congruence a = ¢+ 1 (mod t) since t divides the
order of the torsion group Fius(Q) which in this case is trivial.

We have seen in Theorem 6.2.1 that this restriction on Mordell curves having

no integral points assures that there exist at most finitely many perfect powers in
the associated DDS (B,,).

Ezample 8.1.1. The Mordell curve of smallest conductor (N = 52272 = 21.33.112)

and nonzero rank with no PIPs is
Elli y2 :l'3+11

as shown in [29, Prop. 1.5]. We shall use this example to show the implementation
of the method applied to Mordell curves possessing no integral points, as we are at
the advantage of also knowing it contains no PIPs. This curve has rank 1, trivial
torsion, and generator P = (5, %). The curve has DDS (B,,):

[2,76,—103866, —1318861288|.

The associated EDS is:

19 —51933 —164857661
47 256 8192

1

For each n'™ multiple of P we have as before the associated Diophantine equa-
tion
C? — A =11BY, (8.1.1)

where we may assume the n'® multiple of P is a PIP, having B, = Z?, and so
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(8.1.1) becomes
C? — A% =112%. (8.1.2)

To (8.1.2) we associate the Frey curve
Ep,:Y?=X*—-3A,X +2C,.

We note B, = Z! is always even since it is divisible by By = 2; this narrows our
search for newforms. For each n € Z we have the following quantities for the Frey

curve:

(1) The minimal discriminant of Ep,, is

Apin = —279.3%.11- ng as Z, is even.

(2) The conductor N of the curve Ep,, is given by
N =22.35 .rad,5(112,),

where fo and f3 can be looked up in Tables 6.4.1 and 6.4.2 respectively.

(3) Suppose that p =11 or p > 17, then Eg,, ~, f for some newform f of level
N, =235 .11, (8.1.3)

where f5 and f3 can be looked up in Tables 6.4.1 and 6.4.2 respectively.

For f,, as Z, is always even Table 6.4.1 gives fo = 1. For f3 if we have
3| Z, then f3 = 2. If not, then since 11 = 2 (mod 9), Table 6.4.2 gives f3 = 2 or 3
dependent on whether we end at Tate’s case 4 or 3 respectively; in the terminology
of Papadopolous we have Tate’s case 4 occurring if P, is satisfied, and Tate’s case

3 occurring if P is not satisfied, where P, is the condition

We find P; is not satisfied and we end up with f3 = 3 if 31 Z,.
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To summarise our results:

2:32.11=198 if3|Z,and C, =1 (mod 4),

2-33-11=594 if3tZ,, C,=1 (mod4) and end at Tate’s case 3.
(8.1.4)

N —

p

Using () = 6 as our test product of primes we eliminate newforms of each level

N, using a Pari/GP program thus:

Case 1. By Example 5.1.4 there exist five rational newforms and no irrational
newforms of level IV, = 198. With respect to Example 5.1.4 we lose newforms f;
and f5 at £ = 5, and lose the remaining three newforms at ¢ = 7: we conclude

8f7{577} = J.

Case 2. By Example 5.1.4 we know there exist, up to conjugacy, ten newforms
of level N, = 594; eight are rational and two are irrational. With respect to
Example 5.1.4 we lose the rational newforms fi, f3, fi, and fgs at £ = 5, and lose

the remaining four newforms at ¢ = 7: we conclude Sy 57, = @.

For the two irrational forms fy and fi;, since the conductor N of Ep, is
N =2-3%.11rady3(Z,), and the level of the newform is N, = 2 - 3% - 11, if we
choose £ # 2, 3 or 11 then ¢*{ N and £ N, so we can use Proposition 5.2.9 (with
t = 1) which states that if E' ~, f we have p | By(f) for all such ¢. For fy (and
its Galois conjugate o(fy) = fi0) the Fourier coefficients generate a number field
in o = —3 + 2v/10 (respectively o(a) = —3 — 21/10) with defining polynomial
22 + 62 — 31. We find c5(fy) = —1 + /10 € Q; so with S5 = {0, 41,42, £3, +4}
we proceed to find Bs(fo).

Bs(fo) = 5Noayo ((6+ 1)? = ¢5(f0)*) T Nawyola — cs(fo))

a€Ss
= 5N/ (25 +2V10) Ng(yo(—cs) Nowye(d — 17)
x No)/a(c3 = 2%) No/o(cs — 3%) Nowyalcs — 47)
— —511758000
= —2%.3%.5%.13.
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We can not do the same for B;(f9) since ¢7(fy) = 2 € Q, but we can For ¢ = 13:

Bis(fe) = —21216189068351006507878276492992000000
= —212.325.56.13%.372.43.53-67- 712

Hence, since 2, 3, 5, and 13 divide Bj;(fy) and Bi3(fs), but 37, 43, 53, 67 and 71
divide Bj3(f9) and not Bs(fg), we deduce that E ~, fg is not possible for p > 17.

For f1; (and its Galois conjugate o(f11) = fi2) the Fourier coefficients generate
a number field in B = 2 + V10 (respectively o(3) = 2 — /10) with defining
polynomial 22 — 4z — 6. We find ¢5(f1;1) = 1 + V10 ¢ Q and so as with fy we
compute Bs(f11):

Bs(fu1) = 5Nogye (5 + 1) = es(f1)?) TI Nawyola — es(fin)

a€Ss

= 7676370000
=2%.310.5%.13,

For ¢ = 13:

Bis(fi1) = —30390757314124414727501314976448000000
= —212.3%5.56.13%.37.43-532.67- 712

We see we are in analogous situation as for fy, and thus deduce that E ~, fi; is

not possible for p > 17.

We note Bs(f11) and Bs(fy) both have the same prime factors, with the largest
prime factor dividing them being 13. So for the irrational newforms we have, by
Proposition 5.2.9, that for any p > 13, E,, %, fi for k=9, 11.

Hence, in accord with Reynolds, we find there can be no PIPs on Ej; as no
rational newforms correlate to any elliptic curves pertaining to a solution, with
the caveat that any prime exponent p > 7 + 1 + 2/7, which is p > 17, or for
the case of irrational newforms we (also) have the bound p > 17, and so we take
po = 17. Hence any possible prime exponents for a p*® perfect power remaining by
this method are p =2, 3, 5, 7, 11, or 13.
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8.1.1 Sage Code for Case 2 of Example 8.1.1

We give here the Sage code for working out the prime bound for the irrational
newforms of level 594 in Case 2 of Example 8.1.1.
To start with we need to know the g-expansions of the two irrational newforms

and where the first irrational coefficients occur:

N=[Newforms(594,2,names="'a') [k] for k in range(8,10)]

-9 2+ q 4+ (a8 + 1)xq”5 + O(q76)
g+ 92+ 94+ (a9 — 1)xq”5 + O(q76)

We know that there are, up to isogeny, ten newforms in total, and this is why we
choose our range as range(8,10) since we only need the two irrational newforms (the
irrational newforms come after the rational ones in Sage, and Sage sorts its lists
starting with index 0, with range(i, j) returning [i, i+1, i+2, ..., j—1]: this explains
the ranges chosen in the program). By observation of the g-expnsions we find the
first irrational coefficients occur for c5(fg), and c5( f11).

Now that we know we need to work with the coefficients c5, we have to compute
Bs(f) from Proposition 5.2.9 to get a bound for p in the irrational case. The fol-
lowing code computes the prime factorisation of Bs(f) for each irrational newform

in turn and outputs the next greatest prime p, for which E £, f.

=5
N=[Newforms(594,2 ,names='a') [k] for k in range(8,10)]
c=[N[j].q_expansion(6)[5] for j in range(0,2)]

for j in range(0,2):
A=[i—c[j] for i in range(l—1,61-1)]
B=list (factor(norm(((14+1)2—c[j] 2)*prod(A))))
p=B[len (B) —1][0]
next_prime(p)

Working step by step: we first set 1=5, and then initialise the two irrational new-
forms, up to isogeny, of level 594, after which the coefficients ¢5 for each newform

are computed:

c=[N[j].q_expansion(6)[5] for j in range(0,2)]
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[a8 + 1, a9 — 1]

Now each of the (a — ¢,) factors in the product [[,cs, Ni/g(a — ¢¢) are computed:

A=[i—c[]j] for i in range(l1—1,1-1)]

[-a8 — 5, —a8 — 4, —a8 — 3, —a8 — 2, —a8 — 1, —a8, —a8 + 1, —a8 +
2]

[-a9 — 3, —a9 — 2, —a9 — 1, —a9, —a9 + 1, —a9 + 2, —a9 + 3, —a9 +
4]

The next command forms the product [,cs, Nx/g(a—c.) of these factors as prod(A)
and then computes the norm, norm(((I+1)"2—c[j]"2)*prod(A)), which is the norm of
BL(f) from Proposition 5.2.9, which it outputs as a list of factors:

B=list (factor(norm(((14+1)"2—c[j] 2)*prod(A))))

[(2, 4), (3, 9)., (5 2), (13, 1)]
[(2, 4), (3, 10), (5, 3), (13, 1)]

The last two lines of code pick out the last prime in the factor list, which is 13 in

both cases, and outputs the next prime:

p=B[len (B) —1][0]
next_prime(p)

17, 17

Thus giving the bound of pg = 17.
This code can now easily be adapted for working with irrational newforms of
other levels.

Ezxample 8.1.2. For the rank 1 curve Esg: y? = 23 + 39, having trivial torsion, and

217 3197

generator P = (5%, °5F), we find f, = 1 since 2 | By, and so B, is always even,

and v3(39) = 1 hence f3 =4 if 31 B,:

2:32.13=234 if3|Z,and C,, =1 (mod 4),

2-31.13=2106 if317,, C,=1 (mod4) and end at Tate’s case 3.
(8.1.5)
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Case 1. There exist five rational newforms, and no irrational newforms, of level
N, = 234 (see Table 8.1.1). We lose two newforms f, and f; at ¢ = 5; lose two
newforms f3 and f; at £ = 7; lose the last newform f; at £ = 11: Sy 5711y = 2.

fi=a—a+q¢" =20 ~2¢" —¢" +2¢° — -,
fr=a—@+¢"++q" —¢"—q¢"+-,
fs=a+d®+q" =20 +4¢" + " —2¢"° +- -+
fima+ @ +q" +2¢° 20" + " +2¢"° + -
fi=a+@+q" +3¢ —q" +¢* +3¢° — -

Table 8.1.1: Newforms (up to Conjugacy) on I'(234) of Weight 2

Case 2. There exist twenty-two newforms of level N,, = 2106; six are rational, and
sixteen irrational (see Table 8.1.2). For the rational case we lose the two newforms
f2 and f3 at £ = 5; we lose the remaining six newforms at ¢ = 7: we conclude
Spsry = 9.

For k = 7 to 22 the Fourier coefficients of fj generate a number field in oy, with
defining polynomial as given in Table 8.1.3. We find we only need the g-expansion
up to O(q%), since 51 N or N, and in all cases we find ¢5 € Q, and so can be sure
Bs(f) # 0 for all newforms: thus we can use Proposition 5.2.9 (with ¢ = 1) to find
a bound for p such that if p > py then Eg,, +#, f; see Table 8.1.3 for the p, for
each irrational newform as given by the Proposition 5.2.9.

Now to find our general bound we note that for the rational newform case for
level N, = 234 we have Sy57y = &, and for level N, = 2106, Sy 5711}y = 9.
Hence for the rational case we take the largest prime occurring in these sets and
use the bound from Proposition 7.1.1 to give p > 11 + 1 + 2y/11, i.e., p > 19 in
the rational case. We now compare this with the prime bounds pg calculated for
the irrational newforms, as tabulated in Table 8.1.3, and find the (much) larger
prime py = 239 for irrational newforms fo59 and fi5. We therefore choose this larger
prime as our bound and conclude there can be no PIPs on E39 with p > 239, with

possible prime exponents for a p'" perfect power having p necessarily less than 239.

Continuing in the manner above using Pari/GP we arrive at the following:
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fi=q—q¢ +q"+0(d),

fi=q+d+¢" -2+ 0
fs=a+@+4¢" —2°+0
fo=a+ @ +q" +0(),
fi=a—¢+¢" + (ar + 1) + 0(¢%),
fs=a—¢+¢" + (as+1)¢" +0(¢%),
fo=q—¢+q" —(ag+1)¢° +O(q),
lgzq—q2+q4—%(a10+l)q +0(¢%),
11:q—q2+q4+§(a11+ 1)¢” 4+ O(¢°),
f12:€1+q2+q4+%(0412—1)q +0(¢°),
fis=q+ ¢ +q" — 53 — 1)@ + O(¢°),
fu=q+¢ +q" = 5o —1)g" +0(¢°),

fie=q+¢@+q" —

fir=q—¢+q¢"'+

fo=q—+q¢" — %(0420 +1)¢° 4+ 0(¢°),
n =g+ ¢+ ¢+ 30— 1)¢° + 0(¢%),
foo=q+¢+q" — (e — 1)(]5 + O(q6)~

Table 8.1.2: Newforms (up to Conjugacy) on ['((2106) of Weight 2

Theorem 8.1.3 (Buck). Let Ep: y* = 2* + D be a Mordell curve. Take
(D; P;S, Ny; # Rational; # Irrational; po)

as in Table 8.1.4 and Table 8.1.5: P is a nontorsion point on Ep; S is the set
of primes of bad reduction for the point; N, is the conductor of the Frey curves
after level lowering; # Rational is the number of rational newforms of level Ny; #

Irrational is the number of irrational newforms of level N,. Then there does not
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Irrational Newform Defining polynomial of Number Field  pg

f7 x? + 62 + 3 31
fs 2*2+2x-5 7
fo 2> +4x+1 29
fio 2®+6x—3 29
fii 2?—2x—11 29
fio a?+2x—11 29
fis 2*—6x—3 29
fia x*—6x—3 29
fis 2 —2x—5 7
fie T*+2x-5 31
fir 2%+ 522 — 4z — 29 71
fis  a® —5x% — 4 +29 71
fio a4+ 22% — 1422 + 62 + 9 89
fao  x* — 6622+ 72249 239
fo o' —622% — 168z + 37 89
fao =223 — 1522 +7x+1 239

Table 8.1.3: Irrational Newforms of Level 2106 and their Number Fields

exist a B,p which is a perfect p* power with p > py, where we note for the best

possible bound of p > 11, we exclude p = 13.

Since our program starts testing primes at ¢ = 5, for reasons explained in
Section 7.1, then if we get rid of all newforms at ¢ = 5, we have by Proposition 7.1.1
that our bound for the rational newform case is p > (/5 + 1)? ~ 10.47, which has
p > 11, which is then best possible (assuming any irrational newform bound had
p > 11). With this understood we can invoke Theorem 5.3.3 which has p = 11 or
p > 17 as conditions on p. Hence Theorem 8.1.3 can say nothing of p** powers
for p = 2, 3, 5, 7, or 13, for reasons wrapped up in Theorem 5.3.3, which in
turn inherits from Theorem 5.2.6 on the absence of p-isogenies whose condition (e)
disallows p = 2, 3, 5, 7, or 13.

In the case where we were unable to compute the irrational newforms due to
constraints of time, we were still able to give the bound for any rational PIPs

independently from any irrational case.
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Theorem 8.1.4 (Buck). Let Ep: y* = 2° + D be a Mordell curve. Take
(D; P;S; Ny; # Rational; po)

as in Table 8.1.6 and Table 8.1.7: P is a nontorsion point on Ep; S is the set of
primes of bad reduction for the point; N, is the conductor of the Frey curves after
level lowering; # Rational is the number of rational newforms of level N,. Then
there does not exist a B,p which is a perfect p™ power with p > py corresponding
to a rational newform, where we note for the best possible bound of p > 11, we

exclude p = 13.



Table 8.1.4: Rank 1 Mordell Curves E: y? = 23 + D with no PIPs > p,

D P e E, S {N,; # Rational; # Irrational} Do
11 (5. %) o {2-3°-11; 2; 0}; {2-3°-11; 8 2} 17
39 (AT, L7 o {2-32-13; 5; 0}; {2-3"-13; 6; 16} 239
6 (-5 {3} {2-32-23; 4; 3}; {2-3%-23; 16; 4} 71
A7 (4,5 @ {2-3%2.47; 7, 4}; {2-33-47; 6; 8} 293
58 (A, 45 %) {2-3%.29; 13; 0} 11
61 (12,2 g {2-3%.61; 12; 5}; {2-3%-61; 12; 18} 3701
62 (1,6 {3} {2-3%-31; & 2}; {2-3%-31; 10; 10} 193
66 (1,%) {2-3%.11; 5; 0} 23
67 (5% 51g) {2-32-67; 6; 9} 107
8 (%) 2 {23783 5, 9} 421
118 (2,9 o {2-3%.59; 12; 4}; {2-3%-59; 22; 16} 4201
139 (-1 5837y o {2-3%.139; 11; 15} 14563
147 (1, %) %) {2.32.7; 2; 0} 11
166 (—3207 683%51) g {2.32.83; 5; 9}; {2-3%.83; 0; 20} 51437

Continued on next page
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D

PeE,

S {N,; # Rational; # Irrational}

Do

183

(

47 172

97 27

)

g {2-3%.61; 12; 5}; {2-3%-61; 12; 18}

3701
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Table 8.1.5: Rank 1 Mordell Curves E: y? = 23 — D with no PIPs > py

D PeEy S {N,; # Rational; # Irrational} Do
43 (5, 429) %) {2-3%-43; 9; 4} 31
57 (4873 340165 %) {2-32-19; 7; 0} 11
58 (528, 38050) %) {2-32-29; 13; 0}; {2-3%-29; 18; 6} 43
65 (32020, 273903 % {2.3%.5.13; 14; 3}; {2-3%-5-13; 23; 19} 331
66 (230501 2S0TED) g {2-3%-11; 5; 0} 11
75 (5,28 %) {2-32-5; 3; 0}; {2°-3%-5; 4; 0} 23
85 (lg%ggl, 1943645171422306) g {2327, 2; 0}; {22-3%-7; 2, 0}; {23-32-7; 8 0}; {2*-3%.7; 13; 1} 17
91 (2,%) {3} {2-32-7-13; 20; 5}; {2-3%-7-13; 28; 5} 19
101 (Sgzme LSS o {2-32-101; 13; 11}; {2-3-101; 16; 16} 3935389
120 (199, 210) %) {2-3%.5; 3; 0}; {2°-32-5; 4; 0} 23
123 (3L 17700 @ {2-3%-41; 10; 3} 19
120 (G gmenna) g (2348 0; 4} 31
131 (3402, 198055) % {2-3%-131; 25; 9} 2549
166 (13233 1520599 % {2-3%-83; 5; 9}; {2-3%-83; 0; 20} 51437

Continued on next page
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D

PeE,

{N,; # Rational; # Irrational} Do
171 (2005 308299 {2-32-19; 7; 0} 11
195 (5281 385T6L) {2-3%-5-13; 14; 3} 29
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Table 8.1.6: Rank 1 Mordell Curves E: y? = 23 + D with no Rational PIPs > p,

D PeE, S {N,; # Rational} Do
69 (—50,2) o {2-3%.23; 4}; {2°-3%-23; 10} 17
4 (5% o {2.32.37; 7}; {27- 32 37; 20} 17
T (88 g {2.32.7-11; 12}; {2-3%-7-11; 28}; {2°-32 - 7-11; 26}; {2°-3%.7-11; 32} 29
102 (58 120615 g {2.32.17; 4}; {27-3%.17; 16} 17
103 (2,28) g {2-32.103; 10}; {26-32.103; 44}; {2-3%-103; 4}; {2°-3%.103; 23} 19
110 (2,860 o {2.32.5.11; 12}; {2-3%-5-11; 29}; {27-32-5-11; 96}; {27-3%-5-11; 102} 2521
111 (-2 166y {2-32.37; 7}; {2¢-32-37; 66} 29
130 (399,2887) & {2.3%.5.13; 14}; {2-3%-5-13; 23}; {27-3%-5-13; 96}; {27-3%-5-13; 72} 113
133 (2,48) g {2.32.7-19; 15}; {2-3% - 7-19; 19}; {2°-3%-7-19; 44}; {2°-3%-7-19; 32} 29
146 (2212 200219 g {2-32.73; 7}; {2-3%-73; 6}; {27-32-73; 20}; {27-3%-73; 0} 11
149 (-& 2 o {2-3%-149; 17}; {2- 33 - 149; 2} 19
155 (-2, 28) o {2-32.5.31; 29}; {2-3%-5-31; 20} 29
179  (=2,20) g {2-32.179; 9}; {26-3%-179; 76} 17
182 (7212, 6889) & {2-32.7-13; 20}; {27-3%-7-13; 84} 29

Continued on next page
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D

PeE,

S

{N,; # Rational; # Irrational}

bo

191

(

399 26287
4078

)

1%}

{2-32.191; 2}: {2-3%-191; O}

11
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Table 8.1.7: Rank 1 Mordell Curves E: y? = 23 — D with no Rational PIPs > p,

D Pc E, S {N,; # Rational} Po
21 (37, L) % {2-3%-7; 2}; {2°- 3% 7; 40} 29
22 (35 123) o {2-32-11; 5}; {2-3° - 11; 10}; {27- 3% - 11; 32}; {27-3%-11; 32} 29
29 (3138 175361) %) {2-32.29; 13}; {26-32.29; 84} 19
30 (3L, 59) @ {2-3%-5; 3}; {2732 5; 48} 29
38 (447 201005 o {2-32.19; 7}; {27-32-19; 32} 29
50 (2L, 3059 ) {2.3%.5; 3}; {27-3%2.5; 48} 29
51 (18175 50956 & {2-3%.17; 4}; {2°-3%-17; 18} 23
59 (6715 545644 o {2-32.59; 12}; {2°-3%.59; 8} 19
84 (46, 190y {2} {2%-3*-7; 4}; {2*-3'-7; 24} 19
93 (129 20818 & {2-32-31; 6}; {26-32-31; 62} 29
94 (1211681515023917 2;232023518;32835 ) {2-32-47; 8}; {2-3%-47; 6}; {27-3%-47; 12}; {27- 3% - 47; 22} 29
102 (£, 152 @ {2-3%-17; 4}; {27-3%-17; 16} 53
110 (%7 18%941365171) Z {27 -32-5- 11 70} 17
115 (219 65512) & {2.3%.5-23; 19}; {2°-3%-5-23; 38} 29

441 7 9261

Continued on next page
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D P e E, S {N,; # Rational}

130 (8, 52981 @ {2-32.5-13; 48}; {2-3%.5-13; 24}; {27-32-5-13; 96}; {27-3%.5.13; 72}

137 (4, 81 %) {2-3%2.137; 11}; {2-3%-137; 8}; {20-32.137; 68}; {26-3°-137; 56}

138 (8, 22) @ {2-3%.23; 7}; {27-3%-23; 12}

140 (249, 29233) %) {2.32.5.7; 10}; {22-32-5-7; 10}; {23-32-5-7; 20}; {2*-32.5-7; 42}

157 (Ve mmmamn) g {23 157; 10); {2°-8" - 157; 50)

163 (92, %2) {3} {2-3%-163; 15}; {2-3%-163; 16}

164 (833, 4199) %) {2-3%2.41; 9}; {22-3%-41; 2}; {2-3%-41; 4}; {2°-3?-41; 8};
{22.3%.41; 6}; {2%-3%-41; 24}; {2°-3%-41; 11}; {2*- 3% - 41; 24}

165 (22,38 @ {2-3%2.5-11; 12}; {26-3%.5-11; 112}

166 (13433 1540339) %) {2-3%.83; 5}; {2-3%-83; 0}

173 (18 2012) %) {2-32-173; 7}; {2-3%-173; 6}; {26-32-173; 42}; {2033 - 173; 20}

179 (%,53) {3} {2-3%-179; 10}; {2-33-179; 10}

182 (s 44225 ) %) {2.32.7-13; 20}; {27-3%-7-13; 84}

187 (5047, 355550 %) {2-3%2-11-17; 17}; {2°-3%-11-17; 32}

V91



Chapter 9

Final Remarks and a Look to
Further Work

To extend on the case of curves containing integral points, as for y> = 2 — 2,
maybe it would be possible to use similar methods as contained in the work of [8]
to get an upper bound on n such that B, is a perfect power, by the use of elliptic
logarithms, which is small enough to meet the lower bound we get. Despite other
attempts it is always possibile to continue looking at more cases modulo ¢ to get

stronger congruence conditions on n.

The method described in this thesis can only deal with prime exponents p = 11,
or p > 17 in the rational newform case, along with any irrational newform case.
Maybe we could find some other complementary ad-hoc techniques to help in
eliminating cases of p'" perfect powers, as we did with the method of Chabauty in
Section 6.3.

So far we only treat EDSs (or equivalently rank 1 curves with no torsion). It
would be interesting to try to adapt those methods to look at power integral points
on curves of higher rank. For this the idea would be to use a similar method as in
the rank 1 case outlined in the thesis, but this time initially for a 2-dimensional
array. The idea is similar to the rank 1 case: we associate a Frey curve to a rank
2 Mordell curve and compute the traces at a prime ¢ using a rank 2 version of
our Pari/GP program clnewform. This forms a matrix of traces of dimension

rp(l) X ro(), where rp(¢), and rg(¢) are the rank of apparition at ¢ for the EDSs
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associated to the points P and @) respectively. For each prime we do this for
we obtain a rectangular array of Pari/GP ‘intmods’ for which we can use the
Chinese Remainder Theorem on, using a rank 2 matrix version of our vectorial
CRT program chinchin. Then after using the CRT on the arrays we should
disprove the existence of any PIPs from occurring after some prime bound p > py.

Partial work has been done on this problem for Mordell curves of rank 2 pos-
sessing no integral points, and we hope to see the first substantial results of these

endeavours soon.



Appendix A

Pari/GP Programs

Listing A.1: Introduction
R N N N N R N N R N N N R N N R N N N N N N N R N A N SR RN

\\ Throughout an elliptic divisibility sequence shall be denoted as an
\\ eds and given in the form of the first four terms as a vector.

\\ By an eds being nondegerate we shall mean the first, second, and

\\ third terms are nonzero.

\\ Where formulae are referenced by name they are from the following
\\ sources - added here to avoid repetition:

\\ Morgan Ward:

\\ Memoir on Elliptic Divisibility Sequences, 1948.

\\ Rachel Shipsey:

\\ Elliptic Divisibility Sequences, University of London, 2000.

\\ Christine Swart:

\\ Elliptic Curves and Related Sequences, University of London, 2003.
\\ Katherine Stange:

\\ Elliptic Nets and Elliptic Curves, Brown University, 2008.

R R R N R N N N N R N N R N R N N N R N N N N N A N R R RN

Listing A.2: Elliptic Curve Functions
R R N N N R N N N N R N N R N N N R N N R N N N R N N N S R R R SR RRNN

\\ The primes of bad reduction for an integral elliptic curve over Q

\\ e is an ellinit; returns a vector of primes dividing the

\\ discriminant (so these are bad reduction for this model but may not be
\\ bad for the underlying elliptic curve if this is not a minimal model)
RN N S N N N R N N N N N N N N R N N R N N N R N N N S R R R AR R RN

{
ellbadprimes (e) = return(factor(abs(e[12]))[ ,11~);
}
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AR N N R N N N N N N N N S N N N N N N N N N N N N R R R R R AR R RN
\\ pntbadprimes (e, p)

\\ e is an elliptic curve and p = [a/b"2, c¢/b"3] is a point on that

\\ curve. pntbadprimes (e, p) returns the primes of singular reduction

\\ that divide both wh2 = w2 * b"3 and wh3 = w3 * b"8.

R R N N N R R R N N N N N N N N N N R N R AR R RN

{

pntbadprimes (e, p) = local (b, w, whn, wh, wh2, wh3, v, S);
if (ellisoncurve (e, p) == 0, print ("Point p is not on curve."); return(0));
b = round(sqrt (abs (denominator (p[1]1))));
whn = vector (4);

wh = vector (4);

vector(2);

S = vector (0);

w = elltoeds (e, p);

for(i =1, 4, wh(i] = w[i] » b*(i"2 - 1));

if (debug, print ("Normalised Psihat Division Polynomials: " wh));
wh2 = factor(abs (wh[2]1))~[1, 1;
wh3 = factor (abs(wh([3]))~[1, 1;
v = [wh2, wh3];
if (debug, print ("Primes dividing wh2, wh3: " v));

for(i = 1, length(v[1l]),
for(j = 1, length(v([2]),
if(v[1][i] == vI[2][3], S = concat(s, v[1][i]))));
return (S);

R R R N R N N R N N R N R N N R N N N N N N A R R RN
\\ goodl (e, p)

\\ Takes as input an ellinit, e, and a point p on e.

\\ Program sets BP = 4 x product of primes of bad reduction P, for p on e.
\\ Then checks at index i from 1 through to

\\ (4 x* product of bad primes P) - 1, whether i = 1 (mod 4), and if so

\\ tests if it is a square modulo P. Returns a 2-vector of squares modulo
\\ each bad prime P, and value of n.

A R R N R R R N R N R N N N N N R N N N R R N N N R R AR R R RN

{
goodl (e, p) = local(P, y, n, m);
P = pntbadprimes (e, p);
y = [1;
n = 4;
for(i = 1, length(P), n =n » P[i];
if (debug, print ("mod " n)); );

for(i =1, n -1, m = 1;
if (Mod(i, 4) != Mod(l, 4), m = 0,
for(j = 1, length(P), if (kronecker(i, P[j]) !'= 1, m = 0)));

if(m == 1, y = concat(y, 1)));
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return([y, nl);

R R S N N N R O N N N N R N N N R R N N N N N A AR R RN
\\ ellinput (N, mod)

\\ Returns a vector G of length(ellsearch(N)) of initialised elliptic

\\ curves of conductor N along with congruence conditions predetermined
\\ by M. Used by clnewform. M = [[1, 2,..., m — 1], m].

\\ If no value for mod is given it deferrs to an

\\ initialised value of 1.

R N S N R R N N N N N N N R N N N N N N N R A R R AR R RN

{

ellinput (N, mod = 1) = local(F, G);
F = ellsearch(N);
G = vector(0);

m = vector(0);

if (mod == 1,
for(i = 1, length(F),
G = concat (G, [[ellinit(F[i][2], 1), [01, 111));

return (G););

if (mod != 1,
for(i = 1, mod - 1, m = concat(m, 1i));
for(i = 1, length(F),
G = concat (G, [[ellinit(F[i][2], 1), m, modl])));

return (G) ;

R R N R N R N O R N R N N R N R N N N N N N N A N R R R RN
\\ ellgensearch (N)
\\ Lists the generators for all curves of conductor N.

R N R R N R N N R N R R R N N R N N N R N A RN RN

{
ellgensearch(N) = local(f, v);
f = ellsearch(N);
v = vector (0);
for(i = 1, length(f),
if(f[1i][3]! = [], v = concat(v, f[i][3]), v = concat(v, [[0]])));

return (v) ;

N N N N R N R R R N S N N N N N N N N R N N R R R R R R R R R R RN
\\ ellijsearch (N)

\\ Lists the j-invariants for all curves of conductor N. If two curves
\\ having the same conductor have the same j value, they will Jjust be

\\ quadratic twists of each other.

R R R R R N R N N R N R N R N N R N N N R N R RN RN
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{
elljsearch(N) = local(f, v);
f = ellsearch(N);
v = vector(0);
for(i = 1, length(f), v = concat(v, (ellinit (£[i][1]1).3)));

return (v) ;

Listing A.3: Functions Concerning EDSs & Related Seqences

N S N N N N N N R N N N R N R N N R N N R R N N N R N A R R R RN
\\ elltoeds (e, p)

\\ Given as arguments an elliptic curve e, and a point p on e,

\\ outputs the first four terms of the elliptic curves associated

\\ elliptic sequence as a row vector.

A R N S R R N R N R N N R N N R N N N R R N N N R R AR R RRR NN

{
elltoeds (e, p) = local(al, a2, a3, a4, a6, b2, b4, b6, b8, w);
if (ellisoncurve (e, p) == 0, print ("Point p is not on curve.");

return (0));

al = e.al; a2 = e.a2; a3 = e.a3; a4 e.ad; a6 = e.ab6;
\\ ai invariants of curve
b2 = e.b2; bd = e.b4d; b6 = e.b6; b8 = e.b8; \\ bi invariants of curve

w = vector (4);

w[l] = 1;
w(2] 2 x p[2] + al = p[l] + a3;
w[3] = 3 x p[l]™4 + b2 « p[1]"3 + 3 « b4 « p[l]"2 + 3 % b6 x p[l] + b8;
w[4] = w[2] » (2 x p[1l]176 + b2 * p[l]"5 + 5 x b4 » p[l]"4
+ 10 * b6 * p[1l]1"3 + 10 * b8 » p[l]"2 + (b2 * b8 — b4 x b6)
* p[l] + b4 » b8 - b6"2);

return (w) ;

ATV
\\ elltodds(e, p, n)

\\ Returns a vector of the first n terms of the DDS associated to the

\\ points [n]p on an elliptic curve e.

AR N S R N N N N N R N N N N N R N N N N R R R SRR RN

{
elltodds (e, p, n) = local(vec);
if (ellisoncurve (e, p) == 0, print ("Point p is not on curve.");
return(0));
vec = vector(n);
for(i = 1, n,

vec[i] = round(sqgrt (abs (denominator (ellpow(e, p, 1i)I[11)))));
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return (vec) ;

R R S N N N R O N N N N R N N N R R N N N N N A AR R RN
\\ elltonormdds (e, p, n)

\\ Returns a vector of the first n terms of the normalised DDS

\\ associated to the points [n]p on an elliptic curve e.

R R S R N N N R R N N N N R N N N N N N N R N R AR R RN

{
elltonormdds (e, p, n) = local(bl, vec);
if (ellisoncurve (e, p) == 0, print ("Point p is not on curve.");
return (0));
bl = round(sqgrt (abs (denominator (p[1]))));
vec = vector (n);
for(i =1, n,
vec[i] = round(sqrt (abs (denominator (ellpow(e, p, i) [1]1)))) / bl);

return (vec) ;

N N N N N N N N R N N N N N N N N N N N N N N R R R R R R R R R R R RN R RN
\\ edsrankofapp(e, p, 1)

\\ Given an eds w and a prime 1 returns the index of the first zero

\\ modulo 1. Modified from code of Stange's to incorporate a check up to
\\ the Hasse bound.

A N N N N R N R N N N N N N N N N N N R N N R R R R R R R R R R R R RN

{
edsrankofapp (e, p, 1) = local(v, vp, X, Xbase, HB);
if (ellisoncurve (e, p) == 0, print ("Point p is not on curve.");

return (0));

v = factor (denominator(p[1l]));
\\ checks 1 not a prime factor of denominator of pl[l]
vp = v[ , 1]~;
for(i = 1, length(vp),
if(l == vp[i], print ("Prime divides denominator."); return(0), ));

w = elltoeds (e, p);

X = wvector(5);

Xbase = vector(5);

HB = floor(2 = sqgrt(l)) + 1 + 1;

if (isprime(l) != 1, print("Term not prime."); return(0); );

\\ 'X' stores at each round the most recent block of five terms
\\ Start with the terms of eds, plus the zeroth term,
\\ which is 0. Return index if a zero is found.
X[1] = 0;
for(i =1, 4, X[1i + 1] = w[i];
if (Mod(X[i + 1], 1) == 0, return(i)));
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\\ 'Xbase' keeps a permanent record of these first five terms

\\ for use in the recurrence which checks up to the Hasse bound

Xbase = X;
for(i = 5, HB, X = edsblockincrement (X, Xbase);
if (Mod(X[5]1, 1) == 0, return(i)));

return (0) ;

A N N N R N R N N N N N N N N S R R N R N N R R R R R R R R R R R RN
\\ edstau(e, p, 1)

\\ Given an elliptic curve e, a point p on e, and a prime 1 returns the
\\ arithmetic period of the sequence.

\\ These use formulae due to M. Ward.

R R R R N N R N R N R N N R N N N N N N A RN RN

{

edstau(e, p, 1) = local(v, r, w, b, wn, ep, k, a, tau);
v = vector(5);
wn = vector (4);

r = edsrankofapp(e, p, 1);

\\ Rank must be greater than 3
if(r <= 3,
if (debug, print ("Rank of " 1 " is " r

". Rank must be greater than 3.")); return(0));

\\ 1 = 2 is not allowed explicitly and must be worked out for
\\ each of 2 possible cases

if(l == 2 && r == 4, return(l));

if(l == 2 && r == 5, return(l));

w = elltoeds (e, p);
if (debug, print ("Normal EDS: " w));
b = round(sqgrt (abs (denominator (p[1]1))));
for(i =1, 4, wn[i] = w[i] » b*(i"2 - 1));
if (debug, print ("Normalised EDS: " wn));
ep = znorder (Mod(wn[2] / edsget(wn, r - 2), 1));
k = znorder (Mod (edsget (wn, r - 1), 1));
a = 0;
if (Mod(ep, 2) == 1 && Mod(k, 2) ==1, a = 1,
if (valuation(ep, 2) == valuation(k, 2), a = -1)); tau = 2%a » lcm(ep, k);
if (debug,
printl ("Rank = " r ", Order W(2)/W(r-2) = " ep ", Order W(r-1) ="
k ", alpha =" a ", tau = " tau));

return (tau) ;

AN N N N N N N N N N N N N N N N N N N N N N N N N N N N R N N N N R R AR R RN Y
\\ edsperiod(e, p, 1)
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\\ Given an elliptic curve e, a point p on e, edsperiod returns the
\\ rank, tau, and period of the sequence modulo a prime 1.

N R R N N N N N N R N N N N N N N N N N N R N N R AR R RN RN

{
edsperiod(e, p, 1) = local(r, tau, rt);

r = edsrankofapp(e, p, 1);

if(r == 1, rt = 1; tau = 1);

if(r == 2, rt = edsperiodr(e, p, 1l); tau = rt / r);
if(r == 3, rt = edsperiodr(e, p, 1); tau = rt / r);
if(r > 3, tau = edstau(e, p, 1l); rt = r » tau);

return([r, tau, rt]);

A N N R N R R R N S N N N N N N N N N R R N A R R R R R R R RN
\\ edsperiodr (e, p, 1)

\\ Returns the period of the sequence. Uses a linear method to calculate
\\ terms one after another until the period is found.

\\ 'Non-degerate' means the first, second, and third terms are non-zero.

N R N N R R N N N R N N R N N N N N N R N N R AR R RN RN

{

edsperiodr (e, p, 1) = local (X, Xnew, Xbase, W);
X = vector(5);
Xnew = vector (5);

Xbase = vector(5);

W = elltoeds (e, p);
W =W » Mod(l, 1);
\\ 'X' stores at each round the most recent block of five terms
\\ Start with the terms of eds, plus the zeroth term, which is 0.
X[1l] = 0;
for(i =1, 4, X[1 + 1] = W[i]);
\\ 'Xbase' keeps a permanent record of these first five terms
\\ for use in the recurrence
Xbase = X;
\\ loop up to max of 1078 searching for a zero
for(i = 1, 1078, X = edsblockincrement (X, Xbase);

if (X == Xbase, return(i)));

A N N R N N N R N N R N N N N N N N R N N R R R R R R R R R R R R R RN
\\ edsperiodbndrt (e, p, bnd, rtbnd)

\\ Returns a vector of 2-vectors [1l, [r(l), t(l), rt(l)]] for primes in
\\ the range 1 = 2 up to bnd, where r(l), t(l), rt(l) are the rank, tau,
\\ and arithmetic period of 1 respectively w.r.t the eds w. The function
\\ returns all vectors for which the arithmetic period rt(l) is < rtbnd.

R R S R N N R N N N N N N N N N N N N N N R R R R AR R RN
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edsperiodbndrt (e, p, bnd, rtbnd) = local (epp, u);

epp = vector (0);
u = vector (0);
forprime (i = 1, bnd,

epp = concat (epp, [[i1, edsperiod(e, p, 1)11));
for(j = 1, length(epp),

if (epp[3]112]113] < rtbnd,

u = concat (u,

[[prime (), [epp(3) (2] (1], epp(3) (2] (2], eppl3)(21(31111)));

return (u) ;

Listing A.4: Chinese Remainder Sieve Functions

AN\
A\
AR
AR
A
AN\
AN\
AR
AR
AR
AR
AR
A\
AR
AR
AR
AR
A\
AN
AR
AR
AR
AN
A\
AR
AR
AR
AR

{

R R S N N N R N N N N R N N N R N R N N N NN N N S R R SRR RN
chinchin(x, vy)

Input x = [x[1], x[2]], where x[1] is a vector of lifted intmods
modulo m = x[2], and y is similar, with modulus n = y[2].

gcdext (m, n) returns the vector [u, v, g] such that g is the

gcd: mu + nv = gcd(m, n) = g (Bezout's identity).

For those intmods in the same residue class modulo the gcd(m, n),
i.e., 1if a = b (mod gcd(m, n)) then chinchin solves the

system {z = a (mod m), z = b (mod n); which has as solution:

z = (anv + bmu)/g (mod M), where M = lcm(m, n). (See proof below for
an explanation.)

chinchin first checks the sets of lifted intmods differ mod x[2], and
if not returns the input. If they do differ chinchin then repeatedly
works through each list of lifted intmods in x[1] and y[l] testing
them to see if x[i] (Mod(G)) == y[j] (Mod(G)) (for index i in
{1,..,length(x[1])}, and j in {1,..,length(y[1])}). If so the CRT

can be used as explained above, and chinchin outputs the results as a
sorted list of intmods modulo the lcm(m, n) = M.

(Proof: mu + nv = g, so (mu + nv)/g = 1. Hence given the system

{z = a (mod m), z = b (mod n); multiply by z to give

(zmu + znv)/g = z. Now modulo m: (zmu + znv)/g = znv/g = z (mod m),
and since z = a (mod m) we can replace z thus: anv/g = a (mod m).
Similarly looking modulo n gives the result: bmu/g = b (mod n). Now
if x is any solution we have x = z (mod m) and x = z (mod n) which
implies m and n both divide x - z, and so M = lcm(m, n) divides

x — z. This gives the general result as:

z = (anv + bmu)/g (mod M)). g.e.d.)
RN R N N R N N R N R N N N R N N R N N N R N N N S R R R SR RRNN

chinchin(x, y) = local(a, b, v, w, bez, g, M, crt, crts);

a = vector (0);

b = vector(0);
v = x[1];
w = y[l];

bez = gcdext (x[2], y[2]);
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g = bez[3];
if (debug, print("g is " g));

M= (x[2] = y[2]) / g; \\ lecm of x[2], y[2]

crt = vector (0);

if (debug, print ("First check there is something to do."));
\\ if g = x[2] and the sets x[1] and y[1l] (mod x[2]) do not
\\ differ then return(y)
if(g == x[2],
if (setminus (Set (w = Mod(l, g)), Set(v)) == [], print("No!");
return(y)));
if (debug, print ("Yes!"));
for(i = 1, length(v), a = v[i];
if (debug, print ("The " i "th row of " length(v)));

for(j = 1, length(w), b = w[]j];
if (Mod(a, g) == Mod(b, g),
crt = concat (crt, Mod(lift(a) + bez[l] * x[2] * (lift(b) - lift(a)) / g,
M)))))i
if (debug, print(crt));
if (debug, print ("Now time to sort."));

crts = vecsort (lift (crt));
return([crts * Mod(1l, M), M]);

Listing A.5: Vector Comparison Functions

R N N R N N R N N N N R N N R N N R N N N N N A R R RN
\\ cutrep (x)
\\ Input vector x; cutrep strips any repetitions and outputs vector y.

A R N N R N R N N R N N N N N N N N N R R N R N R R AR R R RN

{
cutrep(x) = local(y, v, t);
y = vector (0);
t = 1;
for(i = 1, length(x), v = x[1i]; t = 1;
for(j = 1, length(y),
if(y[3] == v, £t =0));
if(t == 1, y = concat(y, v)));

return (y);

ATV
\\ compare (x, c)
\\ Given a vector x = [v, m], where v = ellapfreyn(e, p, 1) is a vector

\\ of integers, with m and ¢ integers; m will in general be a modulus,

\\ and ¢ a trace of an elliptic curve: c = ellap(Y[i][1l], 1).
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\\ compare(x, c) returns a 2-vector [w, m], where w is a concatenated

\\ (sorted) vector of lifts of the intmods Mod (i, m) when v[i] == ¢, and
N\ 'm o= x[2].

R R N N R N N R N N R N N N N R N N R N N N R N A R R RN

{

compare (x, c) = local(w, v, m);
v = x[1];

x[2];

w = vector(0);

m

for(i = 1, length(v),
if(v[i] == ¢, w = concat(w, lift(Mod(i, m)))));

return ([vecsort (w, , 8), m]);

N N R N N R N N N N N N R R R N N N R N N N R N A N SR RN
\\ primeab (a, b)

\\ Given two integers a and b, primeab outputs the set of primes within
\\ the range [a, b].

R N N R R N N R N N R N N R N R N R R N N N R N A AR R RN

{
primeab(a, b) = local(Q);
Q=vector (0);
for(i = a, b - 3,
QO = concat (Q, nextprime(i)));

return (vecsort (Q, , 8));

N N N N R N N N N N N N N N N N N N N N N R N N N N R N N R N R R R RN RN
\\ vecfactor (vec)
\\ Given a vector of n entries, returns the factorised entries.

R N S N R N N R N N N N S N R S N N S R A R R SRR RN

{
vecfactor (vec) = local (vf);
n = matsize(vec) [2];

vf = vector(n);

for(i = 1, n,
if(vec[i] == 1, vEf[i] = [1, 1],
if (vec[i] == -1, vf[i] = [-1, 1], vf[i] = factor(vec[i]))));

return(vf);

Listing A.6: Newform Q-Series Coefficient Generation & Sieve Functions

AT
\\ ellapfreyn(e, p, 1)

\\ Input an elliptic curve e, along with a point p on e, and 1 a prime.

\\ The function works out period = rt of the EDS w, along with the
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AN\
AN\
AN\
AN\
AN\
AR
AR
AR
AN
AR
A
AR
AR
A\
AR
AN\
AN\
AN\
AN\
AN\
AN\

{
el

coefficients An, and Cn modulo 1 of the rt amount of Frey curves:
Y*2 = X*"3 - 3 x An + 2 x Cn.
The EDS is first taken term-by-term modulo 1 and screened for trivial

cases, then generated for rt + 1 values. Then the intmods An are

computed via the values of the EDS and the use of the division
polynomial formula for Phin(p), and the scaling

An(P) = Phin(P) * B1(P)"{2n"2}.

The Cn are then computed using the defining equation of the Mordell
curve: y"2 = x*3 + D, from the just computed An, along with the
scaling: Psin(P) * B1(P)"{n"2}.

Each of the Frey curves are then initialised in turn, and for each
curve computes the trace at 1 and outputs these as a vector.

When working out the trace, since the discriminant of the Frey curve

is d =26 » 33 * (An"3 - Cn”"2), then we take the trace of

Y*"2 = X*3 -3 % (An - 1) + 2Cn,

where it is understood An and Cn are taken modulo 1 as intmods,
to force the curve to be nonsingular at 1.

Since the value Cn appears squared in the associated Diophantine
equation, it is of no consequence if we take Cn = 1 (mod 4) when
initiallising the Frey curve.

N N R R N R R R R N R N N N R N R N N N N R N R A R R AR RN

lapfreyn(e, p, 1) = local(w, ep, D, r, rt, bl, W, a, b, c, ac, V, B);

w = elltoeds (e, p);
ep = edsperiod(e, p, 1);
D = p[2]°2 - p[1]~3;

r = epl[l];

rt = ep[3];

bl = Mod(round(sgrt (abs (denominator (p[11)))), 1);
if(r == 1, \\ rank = 1 so all terms 0 mod 1

W = vector(4) = Mod(0, 1));
if(r == 2 && rt == 2, \\ rank = 2 so every second term 0 mod 1

W = vector(4);

W[1] = Mod(w[1l], 1);
W[2] = Mod(w[2], 1);
W[3] = Mod(w[3], 1);
W[4] = Mod(w[4], 1);
)i
if(r == 2 && rt > 2, \\ rank = 2 so every second term 0 mod 1;
W = vector(rt + 1); \\ set the first 4 terms then use recurrence
W[1] = Mod(w[1l], 1);
W[2] = Mod(w[2], 1);
W[3] = Mod(w[3], 1);
W[4] = Mod(w[4], 1);
for(i =5, rt + 1,
if (Mod(i, 2) == Mod(0, 2),
W[i] = Mod(0O, 1),

W[i] = — W[3] %= W[1] = W[i - 2]72 / W[i - 4])));
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\\
AR
AR
AN
AR
AR
AR
AR
AR
N\
AR
N\
AR
AR
A\
AR
\\
\\
A
AN\
AR
AR
AR
AR
AR
AR
AR

if(r >= 3 && rt > 0, \\ w[l], w[2] mod 1 != 0 so
\\ can use edsgen directly.
W = edsgen(Mod(w, 1), rt + 1));

a = vector(rt);

all] = Mod(numerator(p[l]), 1);

for(i = 2, rt,
alil = (p[1] *» W[i]"2 — W[i - 1] % W[i + 1]) * b1™(2 x 1i"2));
\\if (debug, print ("An vector ", lift(a)));

c = vector (rt);

for(i = 1, rt,
cl[i] = sqrt(ali]l”3 + D * (W[i] * b1~ (i"2))"6));

ac = vector (0);
ac = lift([a, c]);

V = vector (rt);

for(i = 1, rt,
V[ii] =
ellap(ellinit ([0, 0O, 0, -3 % (ac[l]l[i] - 1), 2 % acl[2]1[il1]), 1)

)i
return (V) ;

N N N N N N N N R N N N N N N N N N N N R R R R R R R R R R R RN
clnewform(e, p, Y, U, Q, 1, bd)

e and p are an elliptic curve-point pair,

Y = ellinput (N, m), U = goodl(ellinit([O, O, O, 0, D], 1), p)

Q = product of primes, 1 = prime, bd = bound.

Returns a vector of indices modulo the period of the sequence for

matching traces.

Program first checks 1 >= 5.

Program then checks if 1 is a factor of the denominator of p[l], and
if so skips this prime as we cannot use edsrankofapp in this case.
clnewform uses the compare function to compare the traces at a prime
1 of the Frey curves, as given by ellapfreyn(e, p, 1), with those of
the set of elliptic curves of conductor N output by ellinput (N, m).
Firstly it sets up the computation by disregarding any primes 1 with

period M greater than the bound parameter bd.

The value Q is used by the program as another bound, this time in the
size of the modulus the congruences are allowed to have. First it

checks if gcd(Q, M) = 1, and if so returns Y.

If -1 is a square modulo 1 and all primes of bad reduction are
squares modulo 1 then we can check the actual values of ellap with
those traces of the Frey curves; otherwise we only check their

absolute values.

The compare routine then outputs a 2-vector W of congruences W[1l],
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\\ and a modulus W[2]. We now compute m = gcd(W[2], Q"20) and set this
\\ as the new modulus. W then has any repetitions removed by the cutrep
\\ routine, and is then sorted w.r.t order modulo m, and subsequently
\\ stripped of any equivalent congruences by the routine cutallmod to
\\ output the new W = [W([1], W[2]].

\\ Now the algorithm uses the Chinese Remainder Theorem (CRT) to compare
\\ the sets of congruences contained in W with those associated with

\\ each curve in Y; it does this with the chinchin function. If we are
\\ lucky the output of chinchin is empty and we have lost a curve

\\ (equivalently a newform by modularity!), but if not we invoke

\\ cutallmod on the remaining congruences, and then concat them into a
\\ new vector with the associated form and modulus.

R N S N N N R N R N N N N N N N N N R N N N R N R R AR R RN

{
clnewform(e, p, Y, U, Q, 1, bd)
= local(v, vp, D, ep, r, M, n, H, W, m, G, g, X, Z);
if (1 == |l 1 == 3, return(Y), ); \\ checks 1 >= 5

v = factor (denominator (p[1]));
\\ checks 1 not a prime factor of denominator of p[l]
vp = v[ , 11~;
for(i = 1, length(vp),
if (1 == vp[i], return(Y), ));
b = elltoeds(e, p);
ep = edsperiod(e, p, 1);

r = epl[l];

M = ep[3];

if (debug, print ("Start testing for prime " 1 "; period is " M "
which factorizes as " factor (M)));

if(M > bd, if(debug, print ("Period is larger than the bound " bd "

so skip this one."); return(Y)));
n = gcd (M, Q0720);
if(n == 1, if(debug, print ("No Q-part.")); return(Y));

H = vector(0);
W = vector(0);

if (debug, print("Call ellapfreyn."));
X = ellapfreyn(e, p, 1);

for(i = 1, length(Y),
if (debug, print ("We are testing the " i "th form."));
if (debug, print ("Call compare."));
\\ If -1 is a square mod 1 and all primes of bad
\\ reduction are squares mod 1 then we can check the
\\ actual values of ellap; otherwise only check
\\ their absolute values.
if (setsearch(U[1l], 1lift (Mod(l, U[2]))) > O,
if (debug, print ("Test actual value."));
W = compare ([X, M], ellap(Y[i][1l]l, 1)),
if (debug, print ("Test absolute value."));
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W = compare ([abs(X), M], abs(ellap(Y[i]l[1], 1))));
if (debug, print ("W is of length " length(W[1l]) " and modulo " W[2]));
m = W[2];
n = gcd(m, Q720);
m = n;
W = [vecsort (lift (cutrep(W[1l] % Mod(l, m)))) = Mod(l, m), m];

if (debug, print ("After vecsort, W is of length "
length(W[1]) " and modulo " W([2]));
W = cutallmod (W, 100); \\ strips any equivalent congruences
if (debug, print ("After cutting, W is of length " length(W[1l]) "
and modulo " W[2]));

m = W[2];
g = Y[i]I[3];
7Z = chinchin (W, [Y[i]I[2], gl);
if(z[1] !'= [], if(debug, print("Call cutallmod."));
G = cutallmod(z, 100); if(debug, print("Call concat: too bad."));
H = concat (H, [[Y[il[1], G[1l], GI[2111]),

if (debug, print ("We have just lost the form " Y[i]));));

return (H) ;

R R N N R N R N R R N R N R N N N R N N R N N R R R R R RN
\\ clnewformall(e, p, Y, Q, L, M, bd)

\\ e, p, Y, Q, bd are as in clnewform; see there for description.

\\ L and M give lower and upper limits resp. for range of primes to

\\ use in clnewform.

\\ For each form there in Y there is initially one defining congruence.
\\ Whenever clnewform is run at a prime 1, after the algorithm completes
\\ if any forms remain they make up the output, along with all the extra
\\ congruences that are generated to the new modulus.

\\ This output has the same form as the 3-vector Y, and we now rerun

\\ clnewform on it at the next prime. Doing so we seek to elliminate all
\\ newforms if possible, or get increased strengthing of our congruences
\\ of the index n.
AT AN

{

clnewformall(e, p, Y, Q, L, M, bd) = local(D, U);
D pl2]172 - p[1173; \\ D = Mordell curve a6 invariant
U = goodl(ellinit ([0, O, O, O, DI, 1), p);
forprime(l = L, M, Y = clnewform(e, p, Y, U, Q, 1, bd);

if(Y == [], print ("Finished at prime " 1 "."); return(Y););
if (debug, print ("We are at prime " 1 " and there are " length(Y[1][2]) "
congruence possibilities."));
if (length(Y[1][2]) > 1,
if (debug, print ("The minimum value is " Y[1][2][2] "
where the modulo factorizes as " factor (Y[1]I[3])))));

return (Y);
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ATV
\\ tracecl(e, p, Np, bnd)

\\ Input elliptic curve e, point p, level Np, lower bound 5, and upper
\\ bound bnd.

\\ tracecl tests for Frey curve traces = +/-1, indicating multiplicative
\\ reduction, then computes the difference

\\ a_l(E_{W,n}) = (1 + 1) - c_1(f_1i)

\\ for the multiplicative reduction case; otherwise computes the

\\ difference a_l(E_{W,n}) - c_1(f_i) in the good reduction case, and in
\\ both cases factors the results to show which primes p have E_{B,n}

\\ arise modulo p from the newform in question. The lower bound is

\\ hardcoded as 5, since this is the least prime we must check.

\\ This difference in the trace of Frey curve and newform coefficient is
\\ in accord with the theorem of Kraus and Oesterle and outputs primes
\\ we cannot deal with as explained in Proposition 8.5.1 of the thesis.
RN R N N N N N N N R N N R N N N N N R N R N N N N N N S R R RN

{
tracecl (e, p, Np, bnd) = local(Y, X, PG, PM, P, pgm, L);
Y = ellinput (Np);
P = vector(0);
PG = vector (0);
PM = vector (0);
pgm = vector (0);
L = bnd;
\\ First test for Frey curve traces al(E{Wn}) = +/-1, indicating
\\ multiplicative reduction, then find the difference of the trace
\\ of the Frey curve and newform coefficient in accord with Kraus
\\ and Oesterle.
forprime(l = 5, L, X = vecsort (cutrep(ellapfreyn(e, p, 1)));

if (debug, printl ("Frey curve traces for " 1 ":" X));
for(i = 1, length(X),
for(j = 1, length(Y), 1if(X[i] == 1 || X[i] == -1,
PM = vecsort (concat (PM, abs(X[i] * (1 + 1) - ellap(Y[jl[1l], 1))), , 8),
PG = vecsort (concat (PG, abs (X[1] - ellap(Y[31([11, 1))), , 8)))):i);
if (debug, printl ("Multiplicative reduction case: " PM));
if (debug, printl ("Good reduction case: " PG));

P = vecsort (concat (PM, PG), , 8);
\\if (debug, print ("Difference: " P));
for(i = 1, length(P),
if(P[i] !'= 0, pgm = concat (pgm, factor(abs(P[i]1))[ , 11~)));

return (vecsort (pgm, , 8));

Listing A.7: Functions to Shrink the Dimension of Vectors of Intmods

ATV
\\ cutmod(x, p)
\\ Checks if the gcd of the length 1 of vector v = x[1] and the modulus
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\\ m = x[2] is 0 mod p, and if so sets m and 1 to m/p, 1l/p resp. Then

\\ starts a loop to check whether intmods mod p, from v[l] to v[l] equal
\\ the 1 blocks of intmods mod p starting from v[l + 1] up to

\\ v[1 + 1 * (p - 1)], (where 1 = 1/p is the 'new' 1). If so returns the
\\ vector of shortened intmods modulo the smaller modulus.

R R R N S R R R N R N R N N R N N R N N N R N N N N R R AR R R RN

{
cutmod(x, p) = local(v, m, y, 1);
v = x[1];
m = x[2];
1 = length(v);
while (Mod(gcd(m, 1), p) == Mod(0, p),
m=m/ p;
1 =1/ p;
y = vector (0);
for(i =1, 1,
for(j =1, p - 1,
if (Mod(v[i], m) != Mod(v[i + 1 * jl, m),
return([v, p * m])));
y = concat (y, Mod(v[i], m)));
v o=y
)

return ([v, m]);

ATTTTTTTELL LNV
\\ cutallmod(x, n)
\\ cutallmod calls cutmod for each prime in range 1 to n.

AR N S R N N N N R N N N N N N R N N N R R R AR R RN

{
cutallmod(x, n) = forprime(i = 1, n, x = cutmod(x, 1));

return (x);

Listing A.8: Functions to Calculate the Conductor

R N N N R N N N N N N N N N N N N N N N N N N N N N N N N R N R R R RN NRY
\\ rad23(D)
\\ Given an integer D, returns the radical of D less any factors 2 and 3.

AR N S R N N N N N R N N N N N R N N N N R R R SRR RN

{

rad23 (D) = local (rad23, r23);
rad23 = [];
Df = factor(abs(D));

11~),
& DE[ , 1]~[i] != 3,

for(i = 1, length(D
1=

£y
if(DEf[, 1]1~[1i] 2 &
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rad23 = concat (rad23, Df[ , 11~[1i1)));
if (debug,
print ("Radical{2, 3} ("D") prime factors are " rad23));
r23 = 1;

for(i = 1, length(rad23), r23 = r23 % rad23[i]);
)i

return (r23

R N N R O R N N R N N R R N R N N R N N N N N A R R RN
\\ £2(p)

\\ Gives the exponent f2 of the factor 2 of the conductor, N, of an

\\ elliptic Frey curve associated to a Mordell curve E_D, and point p

\\ on E_D. First checks that v_2(D) < 6. Next checks if Bl is even, and
\\ 1f so sets f2 = 1. If not it then checks valuation v_2 (D)

\\ against the tables along with any conditions on the initial point.

R R R N R N N R N N R N R N N N R N N N N R R A N R R RN

{

f2(p) = local(D, a, b, c, £2);
D = pl2]"2 - p[1]"3;
if (valuation (D, 2) >= 6,

print ("D has to be 6th power free."); return(0));
if (ellisoncurve(ellinit ([0, O, 0, O, D]), p) == 0,
print ("Point p is not on curve."); return(0));
£2 = [1;
\\ Setup Al, B1l, C1
a = numerator(p[l]);
b = round(sqrt (abs (denominator (p[1]1))));
c = numerator(p[2]);
\\if (debug, print("[A, B, C] =" [a, b, cl));
\\ If b is even, then every multiple of p has Bn even;
\\ then since a, b, ¢ are pairwise coprime, An, and Cn
\\ are both odd for all n, and it doesn't matter about
\\ the parity of D in this case, and f2 = 1 in all cases.
if (Mod (b, 2) == 0, £2 = [1]; return(f2));
\\ Set f2 = 1 to cover general case when Bn even.
f2 = [1];

if (valuation(D, 2) == 1, f2 = concat(f2, [7]));
if (valuation(D, 2) == 2, f2 = concat(f2, [2, 3, 4]));
if (valuation(D, 2) == 3, f2 = concat(f2, [5]1));
if (valuation(D, 2) == 4, f2 = concat(f2, [3]1));
if (valuation(D, 2) == 5, f2 = concat(f2, [3]1));

if (Mod(D, 8) == 1 && Mod(a, 2) 0, f2 = concat(f2, [6]1));
if (Mod(D, 4) == 1 && Mod(c, 2) == 0, f2 = concat (f2, [5]));
if (Mod (D, 4) == 3, f2 = concat(f2, [6]));
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return (vecsort (£2, ,8));

N N N N N R R N N N N N N N N N N N N N R R N N R A R R R R R R RN R RN
\\ £3(p)

\\ Gives the exponent f3 of the factor 3 of the conductor, N, of an

\\ elliptic Frey curve associated to a Mordell curve E_D, and point pnt
\\ on E_D. First checks that v_3(D) < 6. If 3 divides B_1l, 3 divides

\\ B_n for all terms and so exits with £f3 =2.

\\ If not 3 divides B_n at some point so set f2 = [2] for this

\\ possibility. Now checks valuation v_3 (D)

\\ against the tables along with any conditions on the initial point.

R N S R N N N R N N N N N N N N N N N N R N N N N R N R R AR R RN

{

£f3(p) = local(D, a, b, ¢, c4, c6, c42, c63, £3, P2);
D =pl2]"2 - pl[l]"3;
if (valuation (D, 3) >= 6,

print ("D has to be 6th power free."); return(0));
0

if (ellisoncurve(ellinit ([0, O, 0, O, D]), p) == 0,
print ("Point p is not on curve."); return(0));
£3 = [1;
a = numerator(p[l]);
= round(sqgrt (abs (denominator (p[1]1))));
c = numerator(p[2]);

\\ If 3 divides b, then every multiple of pnt has b
\\ divisible by 3, then since a, b, c are pairwise

\\ coprime, 3 never divides An, Cn.

if (Mod(b, 3) == 0, £3 = [2]; return(f3));
\\ Set f3 = 2 to cover general case when 3\mid Bn.
£3 = [2];

1, £3 = concat (£f3, [4]));
if (valuation(D, 3) == 2, f£3 = concat(f3, [31));
if (3 <= valuation(D, 3) <= 5, f3 = concat(f3, [2]));

if (valuation (D, 3) =

\\ Test for Papadopolous's condition P2.

\\ Set P2 = 1 if P2 is satisfied, and P2 = 0 if not.
cd = 274 x 372 % a;

c6 = 276 * 33 * c;

c42 = c4 / 3"2;

c63 = c6 / 3"3;

v3cd4 = valuation(c4, 3);

v3c6 = valuation(c6, 3);

if(v3cd >= 2 && v3cb6b == 3 &&
Mod (c63%2 + 2 - 3 % c42, 9) == 0, P2 =1, P2 = 0);
if (debug, print ("P2 " P2));
if (Mod (D, 3) == 1 && Mod(a, 3) == 0 && P2 == 1,




185 A. Pari/GP Programs

f3 = concat (£3, [2]), £3 = concat(£f3, []));

if (Mod (D, 3) == 1 && Mod(a, 3) == 0 && P2 == 0,
£f3 = concat (£3, [3]), £3 = concat(£f3, []));

if ((Mod(D, 9) == 1 || Mod(D, 9) == -1) && Mod(c, 3) == 0,
£f3 = concat (£3, [2, 31));

if (Mod (D, 3) == 2,
if (P2 == 1, £3 = concat (f3, [2]), £3 = concat (£f3, [3])));

return (vecsort (£3, , 8));

R N R N N R N N R N N R N N R N N N R N N N R N A N SR RN
\\ ellmordnp (p)
\\ Gives the conductor, Np, after level lowering of an elliptic curve e.

R R R N R R R N N N R N N N R N N N N R N R N R R AR R R RN

{
ellmordnp (p) = local(D, np, £2D, £3D, r23);
D = p[2]°2 - p[1]1"3;
np = vector (0);
£2D = £2(p);
£3D = £3(p);
r23 = rad23(D);

if (debug, print ("f2D: " £2D));
if (debug, print ("f3D: " £3D));

for(i = 1, length(£f2D),
for(j = 1, length(£f3D),
np = concat (np, 27f2D[i] » 37£3D[Jj] * r23)));
if (debug, print ("Lowered level: " np));

return (vecsort (np, , 8));

Listing A.9: Functions to Calculate EDSs by K. Stange

edstools.gp
ATTETTETTEELLL LNV

\\ edsblockincrement (wb, w)

\\ Given an eds w in the form of a vector of five terms

\\ (0th through 4th terms) or four terms (lst through 4th), and a block
\\ of length five in that eds, it calculates the block shifted one to the
\\ right. The sequence must be non-degenerate.

R R R R N N R R R R N N N N N N R N N N R N R N R N S R AR RN

AT
\\ edsgen (ws, len)
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\\ Given an eds ws = [wl, w2, w3, wd4] computes the first len terms.

R S R N R R N O N N R N N N R N R N N R N N R R A A R R RN

N N N N N R R N N N N N N N N N N N N N R R N N R A R R R R R R RN R RN
\\ edsblockships(w, len)

\\ Given an eds w and an integer len, returns a vector of length 5

\\ containing the terms len - 5 wup through len of the sequence.

\\ Uses Shipsey's double-and-add method to generate the final terms in
\\ O(log (len)) time. Very fast. Accepts negative len.

R N N N R N N R N N N R N N R N R N N N R N N N N N A R R RN

These are available as Pari/GP scripts at:
http://math.colorado.edu/~kstange/scripts.html

The file edstools.gp gives a number of Pari/GP programs for the evaluation
of EDSs.


http://math.colorado.edu/~kstange/scripts.html

Notation

C4, Co

C4ky Co,k
x(p,q,r)

C(A)
ce(f)

Lo(N)
C(K)

addition and negation on an elliptic curve, 14
coefficients of a general Weierstrass equation,
10

trace of Frobenius of £ at a prime ¢, 32
affine n space, 5

set of K rational points of A" 5

arises modulo p, 86

quantities associated to a Weierstrass equa-
tion, 10

quantities associated to a Weierstrass equa-
tion, 11

cap = ca/3F and cgp = c6/3%, 92
characteristic of a ternary Diophantine equa-
tion, 94

the field of elliptic functions for the lattice A,
39

the ¢*" Fourier coefficient of a newforms g-
expansion, 81

congruence subgroup, 81

the set of K rational points on the algebraic
curve C/K, 6

denominator divisibility sequence, 75

degree of a divisor, 9

elliptic discriminant, 11
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(W)
Epn
Ew,p,
E(K)

J2, I3

SE,P

92, g3
Goar,
Gal(L/K)

jajE

minimal discriminant of an elliptic curve FE,
29

divisor group of a curve, 9

n' division polynomials, 46

n'™ scaled division polynomials, 77

divisor of the function f, 9

kernel of reduction modulo a prime p, 30
nonsingular part of a Weierstrass equation, 19
set of points of F(K) with nonsingular reduc-
tion, 30

quadratic twist of elliptic curve E by d, 35
reduction of the elliptic curve £ modulo p, 29
torsion subgroup of the elliptic curve E, 21
m-torsion subgroup of the elliptic curve £, 21
Mordell elliptic curve: Y2 = X3 + D, 102
elliptic divisibility sequence, 60

the Frey curve associated to an EDS, 110

the twist of the Frey curve Ep,, 121

group of K-rational points on the elliptic curve
E/K, 14

the empty set, 129

exponents of 2, and 3 in level lowered conduc-
tor N,, 96

the finite set of rational newforms of levels Ng
corresponding to curve-point pair (E, P), 128
finite field of p elements, 30

newform of weight 2 without character on
Co(V), 81

Eisenstein series 60G,4 and 140G, 39
Eisenstein series of weight 2k, 38

the Galois group of L/K, 82

genus of an algebraic curve, 7

j-invariant of an elliptic curve F, 11
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S FE SR
~
TS5

QQ%ZZ

—~
—_
~—

Wi, Wy

Wg(Wn)

function field of algebraic curve C, 6
function field of elliptic curve E, 17

a number field, 5

an algebraic closure of K, 5

lattice: (wy,ws) C C, 37

normalised lattice: (1,7) C C, 37
Legendre symbol, 36

ideal associated to point P, 8
lemyep(r(P,p)), 77

period of eds modulo a prime ¢, 129
multiplication-by-m map, 15

conductor of an elliptic curve, 31

level lowered conductor, 85

quasiperiod associated to the period w, 41
the identity element of an elliptic curve, 10
a bounded function, 151

the periods of a rank 2 lattice, 36

period of eds modulo a prime ¢, 71
projective n space, 7

set of K rational points of P", 7

reduction of the point P modulo p, 29
abbreviation for e?™7, 81

optimal Q-part, 137

radical of an integer, 92

rank of elliptic curve, 24

rank of apparition of prime ¢, 69
reduction map at prime p, 32

the ring of integers of a field K, 23

the ring of S-integers of a field K, 23
order of P in finite group E(Q,)/Eo(Q,), 77
intersection of sets Syy,, where ¢; € £, 129
set of congruence conditions for rational new-
form f modulo M (¢), 128



Notation

190

T-function evaluated at prime ¢, 71
finite list of possible traces at ¢, 129
vauation of a at prime p, 58
Weierstrass coordinate functions, 17
Weierstrass p-function, 38
Weierstrass o-function, 42

Weierstrass (-function, 41
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