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Abstract

We present some conjectures about splitting of primes in cubic extensions of (Q over which certain

torsion subgroups appear. We were able to say something about primes in cubic extensions with the
following torsion subgroups: Z /27, & 7./147., and Z/nZ, for n = 13, 14, 16, 18, 20.

Introduction

For an elliptic curve E defined over a number field K, let E(K) be the set of all K —rational points
on F/. By the Mordell-Weil theorem and the structure theorem for finitely generated abelian groups,
we know that

E(K) = E(K)tors D Zra

where r is a non-negative integer and E'( K )¢,y 1s the torsion subgroup.

In the case of K = QQ, from Mazur’s Theorem [7] we know all the possible torsion subgroups over
K. There 1s a similar result by Kamienny, Kenku and Momose [5, 6], concerning possible torsion sub-
groups of elliptic curves defined over quadratic fields. As for the cubic fields, we have the following
result by M. Derickx, A. Etropolski, M. van Hoeij, J. S. Morrow, D. Zureick-Brown:

Theorem 1. If K /Q is a cubic field extension and E / K an elliptic curve, then E(K )iors is isomorphic
to one of the following groups:

Z/nZ, forn=1,...,16,18,20, 21,
7./27. B 1./2nZ, forn=1,...,7.

All these groups except 7./ 217 occur for infinitely many non isomorphic elliptic curves.

Main Objectives

Let p be a prime number in Q and let /' be a cubic extension of Q. Then
n .
pOx =[P/, n.je{1,2,3} (1)
1=1

where P; are primes in O.

Let GG be a fixed group from Theorem 1, 1.e. a possible torsion subgroup of an elliptic curve defined
over a cubic field K. Let’s say we have a family of all cubic fields K over which group GG can appear
as a torsion subgroup.

First, we want to be able to say something about factorization (1) in such K of small prime numbers,
i.e. if we have a field K over which GG appears, what can we say about splitting of 2, 3, 5,... in such
extensions.

Moreover, we want to examine whether we can conclude something about splitting of all prime
numbers in the family of extensions K.

Example: Z /27 & 7./147

Let K be a cubic number field for which it exists an elliptic curve over K with the torsion subgroup
7,127 & 7./147. In [4] we can find the following theorem:

Theorem 2 (Jeon, Kim, Lee). Choose t € Q such that the polynomial
Fa)=t" D)+ B +22 =0t — 22 —9(t° — D)z — 5 — 2% + 9t + 2 (2)
is irreducible over Q. Let oy be a zero of f(x). Let E be an elliptic curve defined by the equation
4 (1—clzy — by = 2% — ba?, (3)

where b is given by

b= (54 13a; — af + 16t — 1203t + 50t + aift? — dayt — 13ayt? — af — 9t — 412 + dayt?) (=3 —
t— ap + apt)? (=5 — 1204 + dai — 25t + af + 2602t + 26a7t> + 8ajt — 12012 — 24ayt + 28ayt? —
at? — aft — dai — 251% + 1713 + 6t + 1604t — Sttay — 18t3a7 + 2a3t* + at?)(—5t* + Tthay —
304%154 + oz?t4 -+ 6t304% — 40475753 — 404;;3753 — 1563 + ozftg +3t2 + 804%152 + 1Ooztt2 — 3@?752 — 204?t2 + 1004%75 —
360yt + 3t + 12at — 37t — 10 — Ta; — aif — 21a7 — 4lay) /(1 + Sy + 4o} — 5t + af + 6ast +
3007t 4 4t — dadt? — 200t — dagt® — aft? — ajt 4+ 207 — 372 + 513 + 4t 4+ 2004t — dttay —
6t3a7 — 4ot + aft?)?(—1 — 4t — 12 — 3oy — 204t + aut? + 2a3t)(t — 5 — oy + ayt)?

and c is given by

c = (541204 — 4o} + 25t — af — 260t — 26021 — Saitt + 120t + 24yt — 28ayt? + aft? + aft +
4o + 250 — 1713 — 6t — 1604t + St*ay + 181307 — 207t* — at?) (=3 — t — a + ayt)?(5 + 130y —
a4 16t — 1202t + 507t + apt? — dayt — 13ayt? — af — 92 — 413 + dayt?) /(1 + 8oy + 4o — 5t + of +
604%75 + 30@%752 + 404?15 — 404?752 — 2004t — 4()ztt2 — Ozf}t2 — Ozf}t + 204% 3T 5+ 4t + QO&ttg — 4t4ozt —
6ta7 — Aot +at?) (3t — 3% — 19 — aut — 3ayt? + aut’ + 2021° + 1+ 3y — 207t) (t — 5 — ay + at ).

Then the torsion subgroup of E over a cubic number field Q(cvy) is equal to 7./27. & 7./147 for
almost all t.

This theorem gives us a family of cubic fields over which the torsion subgroup Z /27 & 7. /147, ap-
pears, together with an elliptic curve with that torsion subgroup. This family does not contain every
cubic field with such property, but we use it to form conjectures which we later prove for all cubic
fields. Although, in [3] we can find families of all cubic fields with similar property for the groups
7./16Z and Z/207.

Using the polynomial (2) for different values of ¢, we can generate in MAGMA [1] entire families
of cubic number fields K and elliptic curves £/ K with the torsion subgroup Z/27. & 7./147,. We can
also check how small primes split in those extensions.

Conjectures

From [2, Theorem 1.2] we know that 1f there exists an elliptic curve over a cubic field K with a sub-
group isomorphic to Z /27 & 7. /147, then K is normal over Q, which means that K is Galois over
Q. Then in 1 we have only 3 possibilities for the splitting of primes, as shown in Table 1.

227 ®ZJ147Z)2 3 5 7 11 13
P X Vv v v v v
P13 X X X X X X

P-P-P vV Vv vV Y

Table 1: Splitting of small primes in fields with torsion subgroup Z /27 & Z /147

In MAGMA, for a large family of t € (Q we generate polynomials as in (2) and for such polynomials
that are 1rreducible we generate cubic fields associated to them. Now, for a prime number p, we can
check what are the possibilities for splitting 1n all those extensions. We did such a thing for small
primes up to 13, and the outcome 1s presented in Table 1.

In a similar manner, by examining large families of prime numbers (up to a certain bound, which
was here 1000000) in MAGMA, we can conjecture the following:

7.)27, & 7,] 147,

- if p ramifies, then p = 1 (mod 3)
- there are no primes p # 2 that split everywhere
- there are no primes that remain prime everywhere

Table 2: Conjectures

How to prove this?

We will now describe a method for proving conjectures from Table 1.

Suppose that 3 ramifies (which we conjectured does not). The 1dea 1s to go through each type of
possible reduction (good, additive, multiplicative) and prove that it cannot happen.

First, if we assume that 3 has good reduction, then Z/27 & 7 /147 (as prime to 3 torsion) into
E(Og/P), where P is a prime lying over 3.

Since we said that 3 ramifies, we have

7,127 ® 7./147, — E(F3).
By the Hasse-Weil bound we have |#E(F3) — (3 +1)| < 2/3, so
#E(F3) < 7.5 <28,

so good reduction cannot happen.

For the other two types of reduction things get more complicated. For example, with additive re-
duction we have that Fy( K )|n| injects mod p to Eys(K) = F3. With this we can determine the upper
bound for the number of elements in Ey(K')[n| and with that the upper bound on the number of
elements in F'(K ), since we know that |E(K )/ Ey(K)|, the Tamagawa number, is less than 4.

Forthcoming Research

It 1s possible to consider the splitting of primes over quartic number fields, or number fields of higher
degrees, as long as it 1s not too difficult to get equations as in [4]. We could also look at some other
properties of number fields over which certain torsion subgroups appear, or properties of elliptic
curves with those torsion subgroups, using (3) for example.
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