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ON THE TORSION OF RATIONAL ELLIPTIC CURVES
OVER QUARTIC FIELDS

ENRIQUE GONZALEZ-JIMENEZ AND ALVARO LOZANO-ROBLEDO

ABSTRACT. Let E be an elliptic curve defined over Q and let G = E(Q)tors
be the associated torsion subgroup. We study, for a given G, which possible
groups G C H could appear such that H = E(K)tors, for [K : Q] =4 and H
is one of the possible torsion structures that occur infinitely often as torsion
structures of elliptic curves defined over quartic number fields.

Let K be a number field, and let E be an elliptic curve over K. The Mordell-Weil
theorem states that the set E(K) of K-rational points on F is a finitely generated
abelian group. It is well known that E(K)iors, the torsion subgroup of E(K), is
isomorphic to Z/nZ x Z/mZ for some positive integers n, m with n|m. In the rest
of the paper we shall write C,, = Z/nZ for brevity, and we call C,, x C,,, the torsion
structure of E over K.

The characterization of the possible torsion structures of elliptic curves has been
of considerable interest over the last few decades. Since Mazur’s proof [36] of Ogg’s
conjecture and Merel’s proof [37] of the uniform boundedness conjecture, there
have been several interesting developments in the case of a number field K of fixed
degree d over Q. The case of quadratic fields (d = 2) was completed by Kamienny
[29], and Kenku and Momose [31] after a long series of papers. However, there is
no complete characterization of the torsion structures that may occur for any fixed
degree d > 2 at this time ] Nevertheless, there has been significant progress to
characterize the cubic case [31[23,24127,[39,50] and the quartic case [25]26]28][40].
Let us define some useful notation to describe more precisely what is known for
d>2:

e Let S(d) be the set of primes that can appear as the order of a torsion point
of an elliptic curve defined over a number field of degree < d.

e Let ®(d) be the set of possible isomorphism torsion structures E(K )iors,
where K runs through all number fields K of degree d and F runs through
all elliptic curves over K.

e Let ®°°(d) be the subset of isomorphic torsion structures in ®(d) that occur
infinitely often. More precisely, a torsion structure G belongs to ®°°(d) if

there are infinitely many elliptic curves E, non-isomorphic over Q, such
that E(K)ors =~ G.
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Mazur established that S(1) = {2,3,5,7} and
o(1)={Cp|n=1,...,10,12} U{Ca x Cop, | m =1,...,4}.
Kamienny, Kenku and Momose established that S(2) = {2,3,5,7,11, 13} and
(2) ={Cp|n=1,...,16,18} U{Cs X Com | m = 1,...,6}
U{C3 xC3 |7 =1,2} U{Cy x C4}.

The elliptic curves with torsion structure C,, x C,,, are parametrized by the modular
curve X (n,m). In the cases of d = 1, 2, the corresponding modular curves for each
G € ®(d) have infinitely many points over the rationals and over quadratic fields,
respectively. Therefore, >°(d) = ®(d) for d = 1, 2.

The characterization of ®(d) for d > 3 is still open. Nevertheless, the uniform
boundedness theorem, proved by Merel (and made effective by Oesterlé, and later
by Parent [40]), states that there exists a constant B(d), that only depends on d,
such that |G| < B(d), for all G € ®(d). Therefore, for a given d, only finitely many
groups can appear as torsion subgroups of elliptic curves over a number field of
degree d, that is, ®(d) is finite for all d > 1. For the case of cubic fields (d = 3)
there is recent progress [3,60] to compute ®(3).

The set S(d) is slightly better understood. Parent [45] has obtained S(3) and
Derickx, Kamienny, Stein and Stoll [7] have established the sets S(d) for d = 4, 5,
and 6. The set ®>°(d) has been determined for d = 3,4 by Jeon et al. [271[28], and
for d = 5,6 by Derickx and Sutherland [8]. In particular,

®°(3) = {Cp|n=1,...,16,18,20} U{Cs X Copn | m=1,...,7,},

(1)00(4) {Cn‘n:1,...718720721722724}U{CQ XCgm‘m:L...,Q}
U{CgXC3m|m=1,2,3}U{C4><C4m|m:1,2}

U{C5 X C5}U{CG X CG}

Recently, Najman [41] has found that the elliptic curve 162b1 (in Cremona’s no-
tation [6]) has torsion Co; over the cubic field Q({o)*. Therefore, d>(3) C ®(3).
However, we do not know of any such example for the case of quartic fields, so
it is not known whether ®(4) = ®°°(4). It is worth pointing out that the fact
that ®(d) is finite together with the definition of ®>°(d) implies that there are only
finitely many isomorphism classes of elliptic curves over cubic and quartic fields
such that their torsion subgroups are not isomorphic to one in the set ®°°(3) or
$°°(4), respectively. This remark justifies the following definition:

e We define J(d) C Q as the finite set defined by the following property:
j € J(d) if and only if there exists a number field K of degree d, and an
elliptic curve E/K with j(E) = j, such that E(K )t is isomorphic to a
group in ®(d) that is not in ®>°(d). We denote by Jg(d) C Q the subset of
J(d) where we restrict to the case of elliptic curves E defined over Q.
Since ®(d) = ®*°(d) for d = 1,2, it follows that J(1) = J(2) = (. Najman’s
example shows that —140625/8 € Jg(3).

In the case of elliptic curves with complex multiplication, we denote by ®“M(d)
the analogue of the set ®(d) but restrict to elliptic curves with complex multiplica-
tion. The set ®°M (1) was determined by Olson [43], the quadratic and cubic cases
by Zimmer et al. [14,[38[44], and recently, Clark et al. [5] have computed the sets
PCM(q) for 4 < d < 13.



TORSION OF RATIONAL ELLIPTIC CURVES OVER QUARTIC FIELDS 1459

In this paper we are interested in the question of how the torsion subgroup of
an elliptic curve grows when we enlarge the field of definition. In particular, we
consider elliptic curves defined over Q, base extend to a quartic field, and study the
growth in their torsion subgroup. For our purposes let us define the following sets:

o Let ®g(d) be the subset of ®(d) such that H € ®g(d) if there is an elliptic
curve F/Q and a number field K of degree d such that E(K )yors ~ H. We
define Sg(d) C S(d), and @ (d) C ®>°(d), similarly.

e Let ®5(d) be the intersection of the sets ®g(d) and ®°(d).

e For each G € ®(1), let Pg(d,G) be the subset of ®g(d) such that F
runs through all elliptic curves over Q such that E(Q)ios ~ G. Also,
let ®f(d, G) = ®g(d, G) N &>(d).

Remark. 1t is important to notice that, a priori, ®(d) C @ (d) = Pg(d) N > (d)
can be distinct sets. The set ®3°(d) characterizes those torsion structures that
appear infinitely often for elliptic curves defined over QQ, base extended to a degree d
number field. However, ®f(d) characterizes torsion structures that occur infinitely
often for elliptic curves defined over a degree d number field, and also occur for
elliptic curves defined over Q and base extended to some degree d number field, but
perhaps only for finitely many Q-rational j-invariants. As we shall prove in Theorem
[ we have ®3°(4) € 5 (4) because C15 € @>°(4) and C15 € $g(4), but C15 does not
belong to @5?(4), i.e., there are only finitely many Q-isomorphism classes of elliptic
curves F/Q such that there is a quartic field K/Q with E(K )tors > C15.

Let us review what is known for Sg(d) and ®g(d). For d < 4 we have:

So(1) = Sg(2) = {2,3,5,7} and Sg(3) = Sg(4) = {2,3,5,7,13}.
Moreover, the set Sgp(d) has been determined for d < 42 by the second author [34],
together with a conjectural description for all d > 1 that holds if Serre’s uniformity

question is answered positively. The sets @g(d) have been completely described by
Najman [41] for d = 2, 3:

D(2) = {Cnln=1,...,10,12,15,16} U{Csy X Cop | m =1,...,6}
U{Cg XC3T|T:1,2}U{C4><C4},

D(3) = {Cnln=1,...,10,12,13,14,18,21} U{Cy X Cop | m =1,...,4,7}.

Chou [4] has completed a first step to determine ®g(4) by classifying the possible
torsion structures that may occur over Galois quartic fieldsl¥ Moreover, Chou splits
this classification depending on the Galois group of the quartic field. Let us denote
by @é“ (4) (resp. @é“ (4)) when the quartic field has Galois group isomorphic to the
Klein group V4 (resp. the cyclic group of order four, C4). Then [4, Theorem 1.3
and 1.4 | shows that

Dyt(4) ={Cn|n=1,...,10,12,15,16} U {Cs X Copy | m =1,...,6,8}
U{ngC3m|m:1,2}U{C4><C4m\m:1,2}U{ngCG},

C
®G(4) ={C, |n=1,...,10,12,13,15,16}
U{CQ X Com | m = 1,...,6,8}U{C5 XC5}.
3 After this article was submitted, the sets ®g(d) were determined for d = 4 (using results from

this paper) by the first author and Najman [18], for d = 5 by the first author [15], for d = 7, and
if d is only divisible by primes > 7 by the first author and Najman [I8].
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Our first result determines @7 (4) and ®F°(4).

Theorem 1. The set ®5(4) is given by
Oy(4) ={Cy [n=1,...,10,12,13,15,16,20,24} U {Cs X Comm | m = 1,...,6,8}
U{Cg X C3m |m: 1,2}U{C4 X Cam | m = 1,2}U{C5 XC5}U{C6 XCg},

and ®F (4) = ®5(4) \ {C15}. In particular, if E/Q is an elliptic curve with j(E) ¢
Jo(4) (a finite subset of Q defined above), then E(K)iors € ®(4), for any number
field K/Q of degree 4. Moreover, if E/Q is an elliptic curve with E(K )iors ~ Ci5
over some quartic field K, then j(E) € {—52/2, —52.2413/23 —5.293/25 5 .
2113 /215}.

The set ®g(d) can be studied in more detail by analyzing the sets ®g(d, G) for
each G € ©(1). Indeed, note that by definition we have ®q(d) = Uges1) Pald, G).

The sets ®g(d, G) have been calculated for d = 2,3 in [T9,20,33]. Our second result
determines ®¢) (4, G) for each G € ®(1).

Theorem 2. For each G € ®(1), the set O (4,G) is given in the following table:

a 5 (4,C)
Cy {C1,C3,C5,C7,Cy,C13,Ci5,C3 xC3,C5 xCs5}
{C2,C4,Cs, Cs, Ci0, Ci2, Ci6, C20, Caa, C2 X Ca,
CQ CQXC4,CQXC(,,CQXCg,CQXClo,CQXClz,
CoxCig,C3 xCs,Cy xCy,Cy xCg,CsxCs}
Cs {C3,C15,C3 xC3}

{C436876125616ac24vc2XC4762XCS?

Ca Cs % Ciz, Ca X Cig, Cs X Cs, Cy % Cs }
Cs {C5,C15,C5 xCs5 }
C@ {C6,C12,CQ4,CQXCG,CQXClQ,CSXCG,C6XC6}
Cr {C7}
Cg {Cg,ClG,CQXCS,CQXCl6,C4><Cg}
Cg {CQ}
Cio {Ci0, Ca0, Ca X C1o }
Ci2 {C12, Ca4, Ca X C12}
{CQ XCQ,CQ XC4,CQ XCG,CQ XCg,
CQXCQ

CQXClQ,CQXC167C4><C47C4><C8}
CQXC4 {CQ><C4,C2><Cg,C2XClG,C4><C4,C4><Cg}
CQXCG {CQXCG7C2><612}

CQXCB {CQXCS,CQXC]67C4XCB}

Further, for each G € ®(1), there is a finite set Jo(4,G) C Q of j-invariants such
that if E/Q s an elliptic curve with E(Q)tors ~ G and j(E) ¢ Jo(4,G), then
E(K)tors € 25(4,G), for any number field K/Q of degree 4.

The finite sets Jo(4) and Jg(4, G) satisfy Jo(4) = Uges() Jo(4, G). We finish
the introduction with the following remark: if it turns out that ®(4) = ®°°(4)
(equivalently, J(4) = 0) or if Jg(4) = 0, then our results would determine ®g(4)
and ®g(4, G) as well.

Corollary 3. If ®(4) = ®>(4) or Jg(4) = 0, then g(4) = 5 (4) and Pg(4,G) =
o5(4, G) for any G € ©(1).
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1. AUXILIARY RESULTS

We will use the Antwerp—Cremona tables and labels [I,[6] when referring to
specific elliptic curves over Q. The Q-rational points on the modular curves X(N)
or, equivalently, the cyclic Q-rational isogenies of elliptic curves over @, have been
described completely in the literature, for all N > 1. One of the most important
milestones in their classification was [36], where Mazur dealt with the case when
N is prime. The complete classification of Q-rational points on Xo(N), for any N,
was completed due to work of Fricke, Kenku, Klein, Kubert, Ligozat, Mazur and
Ogg, among others (see [I0, eq. (80)]; [I1]; [12], [I3, pp. 370-458]; [22, p. 1889];
[35]; [1; [36]; [30]; or the summary tables in [34]).

Theorem 4. Let N > 2 be a number such that Xo(N) has a non-cuspidal Q-

rational point or, equivalently, let E/Q be an elliptic curve with a cyclic Q-rational

isogeny of degree N. Then:

(1) N <10, or N =12,13,16,18 or 25. In this case Xo(N) is a curve of genus 0
and its Q-rational points form an infinite 1-parameter family, or

(2) N = 11,14,15,17,19,21, or 27. In this case Xo(N) is a curve of genus 1,
i.e., Xo(N) is an elliptic curve over Q, but in all cases the Mordell-Weil group
Xo(N)(Q) is finite, or

(3) N = 37,43,67 or 163. In this case Xo(N) is a curve of genus > 2 and (by
Faltings’ theorem) there are only finitely many Q-rational points.

Table [ lists the relevant cases of the sets ®“M(d) (i.e., d < 7 [5,[14,138[43.[44])
that we will use in this article.

TABLE 1. ®M(d), for d < 7.

(I)CM(d)
{€1,C2,C3,Cy4, Cs, Ca x Ca}
dM(1)U{Cr, C10, C2 xCy, Ca x Cg,C3 x C3}
PM(1) U{Cy, Cra}
PM(2) U{Cs, Cs, Ci2, C13, Ca1, Co x Cs, Co X C19, C3 x Cs, Ca X Cs }
M1 U{Ci }

PM(2) U M (3) U {C15, Cr9, Cap, C2 X Cra, C3 x Cg, C3 x Cg, Cg % Cg }

(I)CM(l)

N O O | W N

Let E/Q be a non-CM elliptic curve. For each prime p, let pg, be the mod-
p Galois representation that describes the action of Gal(Q/Q) on the p-torsion
Elp] ~ Z/pZ & Z/pZ of E. Sutherland [49] and Zywina [51] have described all
known (and conjecturally all) proper subgroups of GL(2,Z/pZ) that occur as the
image of pg,p up to conjugacy. In particular, Sutherland [49] gives for each G), =
pep(Gal(Q/Q)) € GL(2,Z/pZ) the following data:

do: the index of the largest subgroup of G}, that fixes a linear subspace of E[p];
equivalently, the degree of the minimal extension L/Q over which E admits
a L-rational p-isogeny.
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TABLE 2. Image groups G, = pr,(Gal(Q/Q)), for p = 3, 5, for
non-CM elliptic curves E/Q.

o - J s & dy d Gs do di d
3cs.1.1 1 1 2 5Cs.1.1 1 1 4 gg'i'g 1 i 38
3Cs 1 2 4 5Cs.1.3 1 2 4 5.Ns. 9 8 39
38.1.1 1 1 6 5Cs.4.1 1 2 8 841 1 2 40
3B.1.2 1 2 6 BENs.2.1 2 8 16 o
5B.4.2 1 4 40
3Ns 2 4 8 5Cs 1 4 16 5Nn 6 24 48
3B 1 2 12 §B.1.1 1 1 20 5B 1 4 80
3Nn 4 8 16 5B.1.2 1 4 20 534 6 24 96

dy: is the index of the largest subgroup of G, that fixes a non-zero vector in
E[pl; equivalently, the degree of the minimal extension L/Q over which E
has an L-rational point of order p.
d: is the order of G,; equivalently, the degree of the minimal extension L/Q
for which E[p] C E(L).
Table 2 is extracted from Table 3 of [49], and it lists the values dy, di, and d for
p =3, and 5, for each possible image group G, C GL(2,Z/pZ), where the groups
are labeled as in [49] §6.4].
In addition to Chou’s classification of @64 (4) and @é“ (4) already described in
the introduction, we shall make use of the following result.

Proposition 5 ([4], Prop. 3.8). Let p =3 mod 4 be a prime with p > 7. Let E/Q
be an elliptic curve and let K/Q be a quartic field such that E(K )ios contains a
point P of order p. Then, either:

e P is defined over Q, i.e., P € E(Q)[p], or
o there is a subfield F C K, [F : Q] = 2 such that P € E(F)[p].

We will also quote the following result of Najman.

Proposition 6 ([4I], Lemma 5). Let F be a quadratic field, n an odd positive
integer, and E/Q an elliptic curve such that E(F) contains C,,. Then E/Q has an
n-i1sogeny.

The determination of &g (4), @5 (4) and @ (4, G) will rest on the following result.

Theorem 7. Let E/Q be an elliptic curve and K/Q a quartic number field such
that E(Q)tors = G and E(K )yors ~ H.
(1) IfCo ¢ G, then Cy ¢ H.
) 11 and 17 do not divide the order of H.
) 614, Cg X 614 ¢ (I)Q(4)
) Co1 ¢ H.
) IfC4 Q G, then Cgo ¢ H.
) Ing Q G, then C24 ¢ H.
) If Ca x Co C G, then Co x Cip ¢ H.
) [fCQ XC4 - G, then CQ Xclg §ZH
) If H=Cg X Cg, then G =Cs or G = Cg.
) If P € E(K)[9], then there exists a subfield F C K such that P € E(F)[9].
) If C1s, C3 x Co ¢ H.
) IfG=C3, thenC9 §Z H.

(
(

(2
(3
(4
(5
(6
(7
(8
(9
10
11
(12
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Remark. If in the statements ([B)—(8)) the quartic field K is replaced by a number
field such that 4 < [K : Q] < 7, then those statements still hold true. The reason
is that in the proofs of these statements in the non—CM cases we use that d; < 4,
but in fact in all those cases dy < 7 (here d; is the quantity associated to pg , that
appears in Table ). For the CM case, in the proof of (&) (resp. (@), @) we used
that Cog € H (resp. Cog, Co x C12) is not a subgroup of one of the groups in ®“M(4),
but the same is true for d < 7 (see Table []).

Proof. (@) If E has a short Weierstrass equation of the form y? = f(z), where f(z) €
Z[z] is a monic cubic polynomial, the hypothesis Co ¢ G implies the irreducibility
of f(x) over Q, hence over K.

@) By [34] we have 11,17 ¢ So(4) = {2,3,5,7,13}.

(E) By [4, PI‘Op. 39] we have C14,C2 X C14 ¢ (I)Q(4)

@) Suppose that (P) @& (Q) C E(K)iors, where P and @ are points of order 3
and 7, respectively, and let F5 = Q(P) and F; = Q(Q) be the fields of definition
of each point. By Proposition [B] the field F; C K is at most quadratic. Since Ca1
is not a subgroup of one of the groups in ®g(1) U ®g(2), it follows that P is not
defined over F7, and if F; = Q, then F3 cannot be quadratic. If F3 was quadratic,
then F7 would be quadratic also with F3 # F7, and so K would be a biquadratic
field. But Chou’s classification of @5“ (4) (see our introduction) shows that Co; is
not a subgroup of one of the groups in @6“ (4). Tt follows that F3 must be a quartic,
and so K = F3. Finally, notice that the same argument shows that if R € E[3]
is any other non-trivial point of order 3, then [Q(R) : Q] > 3. Hence, if d; is the
quantity associated to the image of pg 3 in the notation of [49], then 3 < d; < 4.
We consider two cases depending on whether E has CM.

Let E/Q be without CM. Since 3 < d; < 4, looking at Table 2] we conclude
that the image of the Galois representation pg g must be isomorphic to 3Ns (Gs
in Zywina notation [51 §1.2]), that is, a normalizer of split Cartan. Zywina [51]
Theorem 1.2] has determined the j-invariant of elliptic curves with 3Ns image:
(t+1)%(t—3)3

t3 ’
On the other hand, F/Q has a Q-rational 7-isogeny since C; C E(F;) and [F7 :
Q] < 2, by Proposition Then, we observe in [34], Table 3] that its j-invariant
must be of the form:
‘ (h? 4+ 13h + 49)(h? + 5h + 1)3
j7(h) = h ;
The above j-invariants should be equal, so J2(t) = j7(h). In particular, since Ja(t)
is a cube, we must have

hs® = h? + 13h + 49, for some h,s € Q.

This equation defines a curve C' of genus 2, which in fact transforms (according to
Magma [2]) to C" : y2 = 2% — 2623 — 27[] The jacobian of C’ has rank 0, so we can
use the Chabauty method, and determine that the points on C’ are

C'(Q) ={(-1,0),(3,0)Ju{(1: £1:0)}.

Jo(t) = 27 for some t € Q.

for some h € Q.

Therefore

C(Q) ={(7,3),(=7,-1)}u{(0:1:0),(1:0:0)}.

4A remarkable fact is that this genus 2 curve is new modular of level 63 (see [16]).
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Now, the corresponding j-invariants are j = 3% - 5% . 172 and j = —33 - 53, that
belong to CM elliptic curves. This finishes the proof in the non-CM case.

Now, suppose F/Q has CM. As seen above, E/Q must have a Q-rational 7-
isogeny, and the only curves with CM and a 7-isogeny have CM by Q(v/—7) (see
for example Section 7.1, Table 1, of [I7]). Moreover, since —7 is a quadratic non-
residue modulo 3, it follows that the image of pg 3 is 3Nn by Theorem 7.6 of [34].
However, d; = 8 by Table [2] which contradicts the fact that E/Q has a point
of order 3 defined over K = F3, a quartic field. Thus, there is no elliptic curve
E/Q with CM and a 21-torsion point defined over a quartic number field, which
concludes the proof of part ().

() Suppose for a contradiction that C4 C G and Co0 C H. E has no CM since
Cao is not a subgroup of one of the groups in ®“M(4), by Table[[l Moreover, there
exists P € E(K)[5] not defined over Q. That is, di < 4 for the image of pg 5.
Looking at Table 2] we check that in all the possible images with d; < 4 we have
dy = 1. Therefore E has a Q-rational 5-isogeny. Then, since E has a point of
order 4 defined over Q, there exists a 20-isogeny defined over Q, which contradicts
Theorem [

(@) Suppose for a contradiction that Cg C G and Coy € H. As in case ([{)
we conclude that I has no CM and d; < 4 for the image of pg 3. In this case,
Table [ shows that dy € {1,2}. If dy = 1, then there exists a 24-isogeny defined
over Q, in contradiction with Theorem [ If dy = 2, then the image of the Galois
representation pg 3 is labelled 3Ns. Similar to the proof of (@) the j-invariant of
E/Q is a perfect cube. On the other hand, since E/Q has a point of order 8 defined
over Q, the curve E/Q has a rational 8-isogeny. Looking at Table 3 in [34] we have
that its j-invariant is of the form:

(h* — 16R% + 16)3
(h?2 —16)h%
Then we must have js(h) = s3 for some s € Q, and this gives us the equation:

(h? — 16)h? = s, for some h, s € Q.

js(h) = for some h € Q.

This equation defines a curve C' of genus 2, which in fact transforms (according to
Magma [2]) to C’" : y* = 2% + 1. The jacobian of C’ has rank 0, so we can use the
Chabauty method, and determine that the points on C’ are
C'(Q)={(0,£1)} U{(1:£1:0)}.

Therefore

C(Q) = {(#4,0),(0,0)} U{(0:1:0)}.
These are cusps in X(8), and so we have reached a contradiction to the existence
of such a curve E. This finishes the proof.

([@ Suppose that C; x Co C G and Co X C19 C H. If E has no CM, then we can
conclude that E/Q has a Q-rational 5-isogeny as in the proof of case (&). However,
since Co X C2 € G =~ FE(Q)tors, then E is 2-isogenous to two curves E' and E”,
such that E, E’, and E” are all non-isomorphic pairwise. It follows that there is
a Q-rational 4-isogeny from E’ to E” that is necessarily cyclic. Moreover, since F
has a 5-isogeny, if follows that E’ also has a Q-rational 5-isogeny, and therefore E’
would have a Q-rational 20-isogeny which is impossible by Theorem @l

If E has CM, with Co x C2 C E(Q)tors, then by counting independent Q-rational
2-isogenies, we see that j(F) = 1728 and E has a Weierstrass model of the form
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y? = 23 — r2x, for some r € Q (see [I7], Section 7.1, Table 1). In particular,
E has CM by Q(4) and, since —1 is a square modulo 5, the image of pg s must
be isomorphic to 5Ns (that is, the normalizer of split Cartan) by Theorem 7.6 of
[34]. However, Table 2 shows that d; = 8 for such image, i.e., a point of order 5
is defined in an extension of degree > 8, which contradicts the fact that there is a
point defined over K, an extension of degree 4. This finishes the proof.

([®) Suppose that Co x C4 € G and Co x C12 € H. We first note that E does not
have CM because Cy x Cj2 is not a subgroup of one of the groups in ®“™(4), by
Table[ll Asin case (@), we have d; < 4 for the image of pg 3 and Table[2lshows that
do € {1,2}. Moreover, the case dy = 1 is not possible because F is 2-isogenous to a
curve F’ that would have a Q-rational 24-isogeny, which do not exist by Theorem
[ If dy = 2, then the image of pg 3 is 3Ns and, as pointed out in case (), this
implies that £ has j-invariant Jo(t) for some ¢ € Q. Therefore F is Q-isomorphic
to the elliptic curve

36 1
El :y? =3 — — .
CRY Y = T ey TR T Ta(h) — 1728

In particular, E and F} are quadratic twists of each other, and their discriminants
satisfy A(E) = uSA(E}), for some non-zero u € Q. On the other hand, since the
full 2-torsion is defined over Q we have that A(F) is a square (and hence so is
A(EY)). That is:

3t(t? — 6t — 3) =12, for some r € Q.

This equation defines an elliptic curve (36a4) with only two rational points, namely
(r,t) = (0,0) and (1 : 0 : 0). These points do not correspond to elliptic curves.
This finishes the proof.

@) Suppose that H = Cg x Cg. By Table[Il the curve E/Q cannot have CM, so
let us assume that E is not CM. Since C3 x C3 C H, we have that d|4 for the image
of pg 3. Looking at the Table [2 we check that d = 2 (3Cs.1.1) or d = 4 (3Cs), so
we treat each case separately.

For the case 3Cs.1.1 we have d; = 1, that is C3 C G. Now, since |H]| is even, it
follows that |G| must be even by (), and so Cs C G. On the other hand, since d = 2
for 3Cs.1.1, there exists a quadratic field ' C K such that C3 x C3 C E(F)tors-
Then [21, Theorem 2] shows that G = Cs.

Now suppose that the image of pg 3 is 3Cs. We have d; = 2, therefore C3 Z G.
As before, |G| is even (since |H| is even) and G C H, then G = Cs or G = C3 X Cs.
We are going to discard the latter case. Zywina [51, Theorem 1.2] has determined
the j-invariant of curves with mod 3 image conjugate to 3Cs (G in Zywina notation
51, §1.2]):

(t+1)3(t + 3)3(t% + 3)3
t3(t2 + 3t + 3)3 ’

As in the case of (), the fact that the full 2-torsion is defined over Q implies that
the discriminant of E must be a square. This implies:

Ji(t) =27 for some t € Q.

3t(t? 4+ 3t +3) = 1?2, for some r € Q.

This equation defines an elliptic curve (36a3) which has only the rational points
(0,0) and (1 : 0 : 0), which do not correspond to elliptic curves. This finishes the
proof.
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(I0) Let P € E(K)[9] be a point of order 9 on E/Q, with [K : Q] = 4. We shall
assume that Q(P) = K because, otherwise, Q(P) is trivial or quadratic over Q. In
particular, this implies that K C Q(E[9]). Consider m = [K : K N Q(E[3])]. On
one hand, we have that

m = [K: KNQ(E[3))] = [KQ(E[3]) : Q(E[])];

and, therefore, m divides [Q(E[9]) : Q(E[3])], which is a power of 3 (because
Gal(Q(E[9])/Q(E[3])) € GL(2,Z/9Z)/ GL(2,Z/3Z) = (Z/3Z)*). On the other
hand, m is a divisor of [K : Q] = 4. It follows that m =1 and K C Q(EI[3]).

Since Q(E([3])/Q is Galois, it follows that the Galois closure K of K in @ is
also contained in Q(E[3]). Since K C K, we know that E(K) contains P. We
distinguish three cases according to whether E(K)[9] is isomorphic to Z/9Z, Z/97 x
Z/3Z, or Z/9Z x Z/97Z, and we shall prove that all cases lead to a contradiction.

~

e E(K)[9] & Z/9Z. Then, (P) is a Galois-stable subgroup of order 9. In
particular, the field of definition of P, that is, K = Q(P), is Galois and it
is isomorphic to a subgroup of (Z/9Z)* = Z/6Z. Since [K : Q] = 4, this is
impossible.

o BE(K)[9] = Z/9Z x Z/3Z. Since K /Q is Galois, this implies that (3P) is a
Galois-stable subgroup of order 3. In particular, the Galois representation
associated to E[3] has an image isomorphic to an upper triangular subgroup

G of
B= {< g lc’ >} C GL(2,Z/37).

Since K € K C Q(E[3)), [K : Q = 4, and |B| = 4 -3, it follows that
the subgroup H of G that fixes K must be trivial or of order 3. Since
such a group H is normal in G, as a consequence we obtain K = K and
Gal(K/Q) 2 Z /27 x Z./]27Z.. However, by Theorem 1.4 of [4], it is impossible
for a biquadratic extension K to have a torsion subgroup E(K)[9] & Z/97Z x
7/3Z.

o E(K)9) = Z/9Z x ZJ9Z. Since K C Q(E[3]), then this means that
Q(E[9]) = Q(E[3]). In particular, Q({y) € Q(E[3]). Let G C GL(2,Z/3Z)
be the image of pg 3. If G # GL(2,Z/3Z) and E has no CM, then G is one
of the groups labelled 3Cs.1.1, 3Cs, 3B.1.1, 3B.1.2, 3Ns, 3B, or 3Nn (see
Table 2)). If E has CM, then by Proposition 1.14 of [5I], G is one of 3Ns,
3Nn, G, H1, or H2. However, none of these groups have a subgroup H such
that G/H = Gal(Q((o)/Q) = Z/6Z. 1t follows that G = GL(2,Z/3Z).

Thus, E/Q is a curve such that pg 3 is surjective, but pg 9, the represen-
tation associated to E[9] is not surjective. Moreover, the image of pg 3 and
pE,9 are isomorphic (because Q(E[3]) = Q(E[9]) in our case). However, the
elliptic curves over Q such that pg 3 is surjective but pg g is not surjective
where classified by Elkies [9] and for such curves Gal(Q(E[3])/Q) has size
48, while Gal(Q(E[9])/Q) has size 144. Therefore, this third possibility is
also impossible in our setting.

(1) By ([I0) we know that if P € E(K)[9], then there exists a subfield F C K
such that P € E(F)[9].

e Suppose that C3 x Cg ~ (P) & (Q) C E(K )tors, where P and @ are points
of order 3 and 9 respectively, and @ is defined over the quadratic field
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F C K. The point P 4+ @ also has order 9, and it is therefore defined
over a quadratic field F/ C K. If F/ = F, then C3 x Cg C E(F)tors. But
Cs x Cg is not a subgroup of one of the groups in Pgp(2). If F' # F, then
C3 X Cg C E(FF')tors. But K = FF' is a biquadratic field and C5 x Cg is
not a subgroup of one of the groups in @54 (4).

e Suppose that C1g C H. By (Il) we have G = Ca, or Cg. Then C15 C E(F)tors,
but Cig is not a subgroup of one of the groups in Pg(2).

(I2) Suppose that G = C3 and Co C H. By (I0) there exists a quadratic field
F C K such that Cg C E(F)tors- But this is impossible by [21], Theorem 2]. O

Theorem 8. Let E/Q be an elliptic curve. If E(K)iors ~ C15 over some quartic
field K, then j(E) € {—5%/2, —5%.2413/23, —5.293/25  5.2113/25}. Moreover,
the field of definition of the torsion point of order 15 is abelian over Q.

Proof. Let E/Q and K be as in the statement of the theorem, such that E(K )iors =
(R), where R € F is a point of exact order 15. We will first show that Q(R) is
abelian.

Let P3 = 5R and P5 = 3R. By Table [l we know that C;5 ¢ ®“M(4), so F/Q
does not have CM. Let G5 be the image of pg 5. Since R is defined over K, the
point Ps of order 5 is defined in degree 1, 2, or 4, and so dy(G5) < 4. By Table 2]
the image G5 is a subgroup of the Borel

{< 0 - >} C GL(2,Z/5Z).

Since Pjs is defined over a quartic field K, it follows that Ps is contained in the fixed
field of the subgroup

G5m{( é . >} C GL(2,7,/57).

In particular, Q(Ps) is contained in a Galois extension with Galois group C (Z/5Z)*
®(Z/5Z)*. It follows that Q(Ps) is Galois and abelian.

Similarly, consider G, the image of pg 3. By Table[2] either G is a subgroup of
the Borel of GL(2,Z/3Z), or G3 is 3Ns. If G5 is contained in a Borel, then as in the
case of p = 5, we conclude that Q(Ps) is abelian, and therefore Q(Ps, Ps) = Q(R) is
abelian. Otherwise, suppose that the image of pg 3 is 3Ns. By [51], the j-invariant
of E is of the form j(E) = Ja(t) for some t € Q, with

(t+1)%(t—3)?
t3 '
On the other hand, we know that G is contained in a Borel subgroup of GL(2,Z/5Z)

and therefore E/Q has a Q-rational 5-isogeny. Using the tables of [34], we see that
J(E) = j(h) for some h € Q, where

Jo(t) = 27

. h? 4+ 10h +5)3

Thus, js(h) = Ja(t). Since Ja(t) is a perfect cube we must have h = s3 and the
pair (s,t) is a point on

C:(s°+10s® +5)t = 3(t + 1)(t — 3)s.
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The curve C has genus 1, and there is a degree 1 rational map ¢ : C — E’, where
E’ is the elliptic curve 15a3. Now, the curve E’ has finite Mordell-Weil group,
isomorphic to Co x C4. The rational points

S = {(_5/2v 9/32)7 (_5/2a _32/3)v (_27 _2/3)v (Oa O)a (_27 9/2)} U {(1 :0: 0)}
on C' map to 6 rational points on E’, while (0:1:0) € C is singular (a node) and
once the singularity is resolved, the two points on the desingularization C of C' map

to the two remaining rational points on E’. Tt follows that C(Q) = SU{(0:1:0)}.
The non-cuspidal points on C(Q) correspond to the following j-invariants:
{113/23, —29% . 413 /215},

Examples of curves with j-invariants 113/23 and —293 - 413 /215 respectively, are
338d1 and 338d2. For both curves, Q(Ps) is a cyclic quartic, and by Lemma 9.6,
part (3), of [34], every curve with such j-invariants has the same property. It follows
that Q(P5) = Q(R) = K is Galois, and abelian.

Therefore, we have shown that in all cases Q(R) is Galois, abelian, and of degree
dividing 4. If so, then F/Q must have a Q-rational 15-isogeny. By [34], Table 4,
there are only 4 possible j-invariants, namely,

{—5%/2, —5%.2413/2% —5.29%/25 5.211%/2'%}.

Elliptic curves with these j-invariants that reach C15 in a quartic extension are 50a1l,
450b2, 50a3, and 50a4, respectively. This completes the proof of the theorem. [

We will use the following result, known as the 2-divisibility method.

Theorem 9 ([25], Theorem 3.1; [2I], Prop. 12). Let E be an elliptic curve over
a number field k with a k-rational N-torsion point P. Then E has a K-rational
2N -torsion point QQ, where K is a quartic extension field of k. Moreover, the same
result holds if we replace k by k(t), and K/k(t) a quartic extension.

Now we apply the 2-divisibility method to the cases of Coo and Caoy.

Theorem 10. There are infinitely many non-isomorphic (over Q) elliptic curves
E/Q such that there is a quartic field K with E(K )tors =~ Cao (resp. Caq).

Proof. Kubert [32] Table 3] gave for each G € ®(1) a one-parameter family
TE 2+ (1 = o)wy — by = 2 — ba?, where b, c € Q(¢),

such that 7,%(Q(t))tors =~ G and, in fact, for all but finitely many values of ty € Q,
the curve 7;? /Q has a subgroup G in its torsion subgroup over Q. When G = Cyg
(resp. Ci12), Mazur’s classification of the torsion subgroups that can occur over Q
implies that 7;? (Q)tors = G for all but finitely many t5 € Q. The equation T,% is
called the Kubert-Tate normal form. For the cases we are interested in, we have

G=Cpo : =028 =32+t)/(t—(t—1)%) |, b=ct?/(t—(t—1)?),
G=Cy : c=0B2=-3t+1)(t—-2t3)/(t—1)3 |, b=c(2t—2t2-1)/(t - 1),

and the point P = (0,0) has order 10 and 12, respectively. Now, we can use
the 2-divisibility method (Theorem []) to halve P. This method allows to build
an extension L/Q(t) of degree 4 and a point @ € T,%(L) such that 2Q = P.
As mentioned above, for all but finitely many tg € Q the curve 7;? /Q satisfies
T8 (Q)tors = C10 (or Cia, respectively). Then, by the 2-divisibility method we find

0

a number field Ly, /Q of degree dividing 4 such that ﬂ?(Lto)tors ~ Cqq (resp. Caq).
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Since Cag,Ca4 ¢ Po(d) for d < 3, we have that [L;, : Q] = 4 for any ¢, € Q. Since
the j-invariant of T} . is not constant, this proves that there are infinitely many
non—@—isomorphic elliptic curve over Q with torsion structures Coy and Coq over
quartic fields. O

Remark. One can construct explicit infinite families of elliptic curves with the prop-
erties of Theorem [[0 using the recipe described by Proposition 12 in [21].

2. PROOF OF THEOREMS [I] AND

We are ready to prove our main theorems. In Theorem[I] we shall first determine
the isomorphism classes that appear in ®%(4) = ®g(4) N ®>°(4) and then use that
information to determine g (4).

Proof of Theorem [l Let E/Q be an elliptic curve, K a quartic number field, G €
(1) and H € ®5(4) such that G ~ E(Q)ors € E(K)iors =~ H. By definition,
5(4) € @°°(4), so our task is to find out what structures in ®°(4) also appear in
dg(4). We claim that ®5(4) = S, where

S ={C,|n=1,...,10,12,13,15,16,20,24} U {Cs X Cam | m =1,...,6,8}
U{C3><C3m|m:1,2}U{C4><C4m|m:1,2}U{C5 XC5}U{C6XCG}.

We have examples of torsion structures over quartic fields for all the groups in the
list S: on one hand, all those groups that appear in ®g(2) also appear in ®g(4) by
extending the corresponding quadratic field to an appropriate biquadratic where
the torsion subgroup does not grow (see Lemma 2.2 of [4]) and, on the other hand,
we have examples in Table Ml of the remaining groups that occur over quartics.
Therefore it remains to prove that if H € &5 (4), then

H ¢ {Cp|n=11,14,17,18,21,22} U {Cy X Copm | m = 7,9} U{Cs x Co} .

Indeed,

e H +# (i1, Cy7, or Caa by Theorem [, part (@), since either 11 or 17 would
divide |H].

e H # Cy4, or C2 X C14 by Theorem [7 part (3]).

e H # Cy1 by Theorem [ part ().

e H # Cys, Cy X C13, or C3 X Cg by Theorem [7, part (II)).

This concludes the determination of ®f(4). It remains to determine ®g°(4), i.e.,
those structures that occur for infinitely many elliptic curves over Q, that are non-
isomorphic (over Q). Comparing the list ®5(4) and Theorem 1.2 of [4], all but
three structures (Ci5, Cop, and Coy) of appear over Galois quartics, and Chou has
shown that each one of those appears infinitely often over Q. Hence, it remains to
see what happens in the three remaining structures. Our Theorem [I0] shows that
Cy0 and Coy4 occur infinitely often, and Theorem [8 shows that Ci5 occurs only for 4
distinct j-invariants, as claimed. Hence, ®3°(4) = ®%(4) \ {C15} and this concludes
the proof of the theorem. O

Proof of Theorem 2l The groups H € ®3(4) that do not appear in some ®§ (4, G)
for any G € ®(1), with G C H, can be ruled out using Theorem [[1 In Table [
below, for each group G at the top of a column, we indicate what groups H (in
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each row) may appear, and indicate:
e with (I)—(I2), which part of Theorem [7lis used to prove that the pair (G, H)

cannot appear,

e with —, if the case is ruled out because G ¢ H,
e with a v/, if the case is possible and, in fact, it occurs. There are three

types of check marks in Table [3t

— V' (without a subindex) means that G = H. Note that for any d > 1,
and any elliptic curve E/Q with E(Q)tors ~ G, there is always an
extension K/Q of degree d such that E(K)iors ~ F(Q)iors (and, in
fact, this is the case for almost all degree d extensions).
v5 means that the structure H occurs already over a quadratic field,
and examples are already listed in Table 2 of [20]. Since H occurs
over a quadratic field F', it also occurs over quartics by extending F
to an appropriate biquadratic K where the torsion does not grow any
further.
v4 means that H can be achieved over a quartic field K but not over an
intermediate quadratic field, and we have collected examples of curves

and quartic fields in Table @l |

TABLE 3. The table displays either if the case happens for G = H

(v), if it already occurs over a quadratic field (v4), if it occurs

over a quartic but not a quadratic (v4), if it is impossible because

G ¢ H (—) or if it is ruled out by Theorem [ (({I)—(T2)).

G
H C1 CQ Cg C4 C5 CG C7 Cg Cg CmCuCg XCQCQ ><C4C2 XC6C2 XCg
Cs @ v i-|-|-|-1-1-1-1-1-1 - - - -
Cs Bl =YV ==l —-|-|-1-1-1-] - — — —
G @ s |- |v[= === -1 - - [ -1 - [~
G || |- |- Y[~ - -/ - - [ - [ - [~
o @6 @ || v [ |- [ [-| - [ - [ -]~
e b - |- |- =[V[==T=1- = [ =] =1 -
G @ %] 4| - |-V |- |-| - [ - [ -~
G |w|- @[ [-[=-|v|-|-| - | - | - | -
Co @6 |- [-l@ - |-[-[=[v[- - - T -1T-
Cu @ - |- |—|-|—-|—-|-|—-|—-|-| - - - -
Co M| v |@w|-|v|—|-|—-|—-|V] - - - -
Ci3 7 e e et et et et el e e e - - -
cu @@ |- |- |- J@[-[-|-[- - [ - | - | -
Cs |G|~ |4 |4 |- |-|—|-|-| - | - | - |-
Co @[ %] - [al-|-|[“le|-|[-|-| - | - [ - |-
cr 1@ - |- - - |- - - =- =1 -1 -1-
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HG Ci | Ca | C3 |Ca|Cs| Cs |C7|Cs| Cg |C10[C12|Ca X Ca|Ca X C4|Ca % Cs|Ca X% Cg
o @@ - @@ - | - [ - [ -
Coo @M|va| - |G — ||| |va|—| - - - -
e (@] - (@] | —@ |- - | - [ - |-
Coo @M@ —1|—|-|—-|-|-|—-|-|-] - - - -
Coa M| va|@M|va|l—|va|-|@) —|—|vV] - - - -
GxGl@] 6| = === |- |- - |=]-] v | = | = | -
CoxC|@M|va|— |- |- |-|-|—-|-|-| » v - -
CoxCo|@|vo |@|—|—| ||| ||| ¥ - v -
CoxCs|@| va| — ||—| - ||| ||| ¥ v - v
CoxCio|@| v | — |[-|@] - [-|-| - |»|-| @O - - -
CoxCro|@ | va |@|va]|—|va|—|—|—|—-|%] ¥ ®) v -
Crx e @@ — |- - —l@ |- |-|® | - | - |-
CoxCi|@M|va|— ||| —|—|v|—-|-|-| % v - v
Crx 0 @@ |- |- - [@ |- | @ | - (@] -
CoxCsl | — b |— |- |- |- |=]-] = | = | = | -
Cs3xCo|@|va | @ |—|—|v|—|—-|—|-|—-| - - - -
o G| — @ —|—| — || J@[- |- - | - [ - | -
CaxCo @] va| — 4| | = ||| |-|—-| v v - -
CaxCs|@M | va| — |va|—|— |-l —|-|-| «4 Vi - Vi
CsxCs|va| — | — =4l — |- |-|—-|-|-| - - - -
CoxCe|@M|va |@M|—|-|va|l-|-|-|-1-]1 @ - @) -

3. EXAMPLES

In this section we describe an algorithm to compute the quartic fields K where
the torsion grows for a given elliptic curve E/Q. First, we compute G = E(Q)tors-
By Theorem 2 we know how the set ®7(4,G) of all possible isomorphism types
of E(K )tors- Then, we compute the possible orders of points belonging to groups
H € @@(4,(}'). Now for each possible order of a torsion point, say n, compute
the division polynomial 1, (x) (note that here v, (z) is divisible by v, (z) for each
divisor m of n). Afterwards, we factor each ¥, (x), and keep only the factors of
degree 1, 2, or 4. It follows that the quadratic and quartic fields where the torsion
could grow are contained in the compositum of the fields generated by these factors
together with the fields generated by the y-coordinates corresponding to the roots
of these factors. Let us explain this method with two examples.

Example 3.1. Let E be the elliptic curve 50a2, given by the minimal Weierstrass
equation:

E :y’4+azy+y=a®— 126z — 552.
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We compute E(Q)ors >~ C1. Then, by Theorem [2] we only need to compute the
division polynomials v, (z) for n = 5,7,9,13. We check that for n = 7,13, ¥, (z) is
irreducible over Q (and degree > 4). For n = 5,9 we have the following irreducible
factors of degree 1, 2, or 4:

n=>5 f5(x) = 22 + 112 + 29,
n=9 fo(x) =9z + 57.

Now for n € {5,9}, let o, be a root of f,,(z), and let 3, be such that 82 + a,, 3, +
Bn = ad —126a,, — 552 and K,, = Q(av, Bn), so that E acquires a point of order
n over K . It remains to compute the degree of K5, Kg and K5Kgy, and take only
those fields of degree < 4. In our case we obtain:

EQW=3)~C: and  E(Q(G)) ~Cs

Hence, the torsion subgroup of F(Q) grows over Q((s) and quartic fields containing
Q(v-3).
Example 3.2. Let E be the elliptic curve 90c4, given by the minimal Weierstrass
equation:

E:y?+ay+y=a>—2%— 2597z — 50281.
In this case we have E(Q)gors = C2. Theorem [2] shows that it suffices to factor the

division polynomials v, (z) for n = 3,5,16. The irreducible factors of degree 1, 2,
or 4 corresponding to those division polynomials are:

n=3 fa(x) =« + 30,

n =16 fie1(z) =+ 33,
fie,2(x) = 22 + 51,
fie,3(x —490—1—1177

)

(z)

()

()
fi6,4(z) = 2* — 30z — 1729,
fi6,5(x) = 2% — 6023 — 1031422 — 3517562 — 3697893,
fi6.6(z) = 22* + 20423 + 1023322 + 274806 + 2924667,
fie.7(z) = z* + 13223 + 509422 + 595082 — 46089.

Doing all the possible compositums of number fields we obtain:

E(Q(V-1)) ~Cy, E(Q(V3,v/-1)) ~ Ci2,

E(Q(v=6)) ~ C4, E(Q(V3,v/=2)) ~ Ci2,

E(Q(vV=3)) ~Cs, E(Q(V6,v-1)) ~ Cy x C4 ~ E(Q(V6)),
E(Q(\/g)) ~ Cy X Co, E(Q(v=3,v/-2)) ~Cs x Cg

Further examples can be found in Table @l Each row shows the label of an
elliptic curve E/Q such that E(Q)tors =~ G, in the first column, and E(K )yors ~ H,
in the second column, where K = Q(a) and « is a root of the irreducible quartic
in the third column. Note that these examples correspond to pairs (G, H) such
that G € ®(1) and H € ®5(4,G) but H ¢ ®g(2,G). Examples of curves with
H € 9¢(2,G) can be found in Table 2 of [20].
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TABLE 4. Examples of elliptic curves such that G € ®(1) and

H € ®4(4,G) but H ¢ 9g(2,G).

G H Quartic K Label of E/Q
Ci3 xt -2 -6+ +1 2890d1
e Cis zt — 223 + 52?2 — 4z + 19 50a4
Cq xCq| z*—22% +52%2 —4x+19 175b2
Cs x Cs el 4?41 275b2
Cao z* — 5x? + 10 450a4
Cas x* — 1822 — 15 96003
Cy x Cy 2t =5 15a5
Cy x Cg zt+1 2426
Cs Co x Cra| 2* —223 +52%2 —4x+19 30a3
Co % Cyg| x* — 423 + 1722 — 262 + 16| 3150bkl
Cs xCg| * — 223 + 1122 — 102 + 4 98a4
Cy x Cy zt+1 64ad
Cy x Cg zt+9 288016
Co xCql| z* —22% 4+ 1122 — 10z + 4 98a3
Cie a2t —ad —42? + 4z +1 15a7
C Cay xt — 8224+ 10 96008
Co % Cyg| x* — 423 + 1722 — 262 + 16 1470k1
Cy x Cg 49 240d6
Cs |Cs xCs -2 —ax+1 11al
Cou z* —8z2+10 90c8
Co |Ca x Cra| x* — 223 4 522 — 4z + 19 30al
Ce x Cg| x* — 223 + 1122 — 102 + 4 14al
Cs Co x Crg| % — 42 + 1722 — 262 + 16 210e1l
Cy x Cg zt+9 15a4
Cio Cao =223 + 2242 66¢c1
Cia Coy x* — 1822 — 15 90c3
Co xCig| 2% —2% — 42?2 +40+1 75b2
Co X Co|Cy x Cy zt =223 + 22 +5 15a2
Cy x Cg 2t — 223 + 22 +5 75b3
Co x Crg| z*—a%—4da?+4x+1 15a3
Coy x Cy
Cy x Cg z — 223 + 22+ 5 15al
Cy x Ciglzt — 223 — 1122 + 122 + 186|  210e2
Cy x Cg
CyxCs| x* =223+ 722 —62+2 210e2
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4. COMPUTATIONS

Let G € ®(1) and let d be a positive integer. We define the set
Ho(d,G) = {S1,...,5n},

where S; = [Hi,...,Hp] is a list of groups H; € ®g(d,G) \ {G}, such that, for
each i = 1,...,n, there exists an elliptic curve F; defined over Q that satisfies the
following properties:

o L (Q)tors ~G.

e There are number fields K7, ..., K,, (non-isomorphic pairwise) of degree
dividing d with E;(K;)tors >~ Hj, for all j = 1,...,m; and for each j there
does not exist K} C Kj such that Ei(Ké)torS ~ Hj.

We are allowing the possibility of two (or more) of the H; being isomorphic.

Note that a similar definition was first introduced in [21] for d = 2 and generalized
in [19]. The second condition is a little bit different here, because of a new behavior
that appears only for d = 4 but not for d = 2,3 (since they are primes), namely
the existence of intermediate fields. For example, let E be the elliptic curve 50a2.
Then E(Q)iors =~ C1 and E(Q(v/=3))tors =~ C3 (see Example B1). In particular,
E(Q(v-3, ﬂ))tors ~ (3 for any squarefree integer d # —3. For this reason we
have made the above change in the definition of Hg(d, G).

The sets Hg(d, G) have been determined for d = 2,3 and for any G € ®(1)
in [I92I]. In order to guess what Hg(4,G) may look like, we carried out an
exhaustive computation in Magma [2] for all elliptic curves over Q with conductor
less than 350.000 from [6] (a total of 2.188.263 elliptic curves) but restricting to
the non-sporadic case. That is, we have tried to compute the sets Hp (4, ), which
are similarly defined to the sets Hg(4, G) but restricting our attention to H; €
54, G).

Moreover, the maximum number of quadratic [21L[42] and cubic [19] fields where
the torsion could grow has been determined. In the case of number fields of non-
prime degree the situation changes. As the example above of the elliptic curve
50a2 shows, there could be infinitely many non-isomorphic number fields where the
torsion grows. Let us define

ho(d) = max {#s ‘ S € Ho(d, G)}.

Note that if d is prime, then hg(d) coincides with the maximum number of number
fields of degree d where the torsion grows for a fixed elliptic curve E/Q. The cases
hg(2) = 4 and hg(3) = 3 have been determined in [21[42] and [19], respectively.
Our computations (see Table Bl and in particular Example show that

ho(4) > 9.

Table [l gives all the torsion configurations over quartic fields (sets in Hg (4, G)
for any G € ®(1)) that we have found. We have found 133 possible configurations.
However, we have not tried to determine that those are all the possible cases. But
note that the largest conductor where we needed to complete the table was 18.176,
far from 350.000.
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In Table B the third column provides an elliptic curve E/Q with minimal con-
ductor such that:

e the first column is G ~ E(Q)tors € P(1);
e the second is a torsion configuration [Hi,..., Hy,], where H; € ®5(4,G) \
{G}, such that there are number fields Ki,... ,Km (non—isomorphic pair-
wise) of degree dividing 2 or 4 with E(K)iors >~ Hj, for all j =1,...,m;
and for each j there does not exist K' C Kj such that E; (K Jtors = H
In Table Bl we have abbreviated C,, by (n), and Cn X Cy, by (n,m). Moreover, if
H = C,, xC,, appears for s distinct fields, then we have written (n, m)® in the table.
The corresponding fields K; for each torsion configuration can be found in the home
page of the first author (at http://www.uam.es/enrique.gonzalez.jimenez), together
with a list of configurations for all curves of conductor up to 350.000.

TABLE 5. Torsion configurations over quartic fields.

[GHy (4, G) | Label | [GTHi (4, G) [Label]
(3) 19a2 (6)2,(2,2), (2,4) 256a1
(5) 11a2 (6), (12), (2,2), (2, 6) 36a4
(7 208d1 (8)2,(2,2), (4,8) 288016
(9) 54a2 (10), (20), (2, 2), (2, 10) 450a4
(13) 2890d1 (4)2,(8),(2,2), (2,4) 33a2
3)? 121b1 @), (4), (8, (2,2), (4, 4) 64ad

(1)[(3), (5) 50a2 (4)2,(2,2), (2,4)? 3324
(3), (15) 50b3 (4)2,(2,6), (2,12)? 96007
(5)° 18176b2 (@), (6), (2,2), (2, 4), (2, 6) 13024
(5), (5,5) 275b2 (4), (8), (12), (2,2), (2, 12) 960e3
(3)%, (5 338d1 (4), (8), (16), (2, 2), (2, 8) 63al
(3), (5), (15) 50ad 2)[(@), 3), (2,2), (2,4), (2,8) 2426
(3% (3,3) 175b2 @), (12), (24), (2, 2), (2, 12) 96003
(4),(2,2) 46al (4),(12),(2,2),(2,4), (2,12) 72033
), (2,6) 36a3 @7 (8)%,(2,2), (2,4) 45a3
(4), (2,10) 450a3 (4)2’ (8),(2,2), (2, 4)2 17a3
(2 2) (2 4) 200b1 (4)7 (8)7 (16)27 (27 2)7 (27 8) 75b1
(4), (10), (2,2) 66c3 (4), (8),(16), (2,2),(2,4),(2,8) 510e7
@), (2,2), (2,4 29a1 (4)%,(3)%,(2,2), (2,4)° 6326
(4)7 ( ) (2, 10) 1014c2 (4)> (6)27 (27 2)7 (27 6)21 (31 6) 112¢3
(4),(2,6),(2,12) 1040g2 (4), (8), (16)27 (2,2),(2,4),(2,8) 1470k3
(8),(2,2),(2,4) 294f1 (6)2’ (12)7 (27 2)’ (2’ 6)27 (3’ 6) 98a4
(4) ,(2,2),(2,4) 120b1 (4)2’ (6), (12)27 (2,2),(2,4),(2,6) 30a7
@Z2,(2,2), (4,4) 32004 (4%, (3)%,(2,2), (2, 4) 630c6

@7 (2,6),(2,12) 450g1 (4%, (3)%,(2,2), (4, 4) 441016

D 6% 22 72622 @7, (), (2,2), (2,4 15a5
(4)7 (6) (27 2), (2, 6) 14a3 (4)27 (6)7 (8)7 (12)2) (2> 2)> (2> 4)7 (27 6) 90ch
(4),(6),(2,6),(6,6) 98a3 (4)2’ (6), (12)27 (2,2), (2, 4)2’ (2,6) 90c4
(4), (8), (2,2), (2,8) | 45a1 3) (15) 50a1
(4), (10), (2, 2), (2, 10)| 150b3 (3,3) 19a1
(4), (12), (2, 2), (2, 12)| 30a3
(4), (16), (2, 2), (2, 16)|3150bk1
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| G [Hp(4,6) | Label |
(8),(2,4) 33a3 [¢ @6 [ Label |
(8), (2,8) 192c6
(2,4) 33a1
(8),(2,12) 150c3 (2,4), (2, 8) 45a5
(8),(4,4) 40a4 (2,4), (4,4) 64al
(2,4),(2,8) 64a3 2, 4)2 120b2
(8)7 (27 4)7 (27 8) 17a4 E; 1327 Ez’ ?)2) 9663;026
(8), (2,4), (4,4) 17a1 (2:4)2: (4: 4) 17a2
(8),(2,8),(2,16) 1470k1 (2,4)%,(4,8) 120034
(4) [(8)%,(2,4),(2,8) 24a3 (2,4),(2,6),(2,12) | 90c2
(2,4),(2,8) 45a2
(8)7, (2,8, (4,8) 24049 (2.2),(2.5).(4,5) | 7503
(8),(12),(2,4), (2,12) 90c1 (2,4)%,(2,6) 210a6
(12),(24),(2,4), (2,12) 96008 2.2) (2,4)%,(4,4) 231a3
(8), (8), (16), (2,4), (2,8) 21a4 @Y%, (2,6), (2, 12)] 3026
(8)2,(16)%, (2,9), (2,8) 1527 e
(8)2,(2,4),(2,8)?, (4,4) 195a6 (2: 4)2: (2: 8): (4: 8) | 510e5
(8)27 (16)37 (27 4)7 (27 8) 1230£4 (27 4)7 (2, 6), (2, 12)2 720j6
(8)2,(16),(2,4), (2,8)°, (4,4)] 210e6 (2,4)°,(2,8), (4,4) | 21a2
15) (2,47, (2,8)%, (4,4)] 7505
50b1 (2,4), (2,6), (2, 12)°] 150c6
®) (5,5) 11al (2,4)3,(2,8)2, (4,4)] 42a3
2 3
(12),(2,6) 14a4 E;Ziisjgﬁ;sigii; o
(12),(2,6),(2,12) 130a2 (2,4)2,(2,8)%, (4, 4)[6720cd4
©) (12)2,(2,6), (2,12) 30a1 (2,4)%,(2,8)", (4,4)] 210e5
(12),(2,6), (3,6), (6,6) 14a1 (2,8), (4, 4) 21a1
(12)2, (24), (2, 6), (2, 12) 90c8 (2,8) (4,4) 24a1
2,8)%, (4,8 1230£2
(12)%,(2,6), (2,12)? 90c7 (2.4) Ez,sg, (2(, 16;,(4,4) 15a3
(16), (2,8) 21a3 (2,8),(4,4), (4,8) | 15a1
(16), (2,8), (2, 16) 12301 (2,8)%,(4,4),(4,8) [ 210e3
3) (2,12) 90c6
(16),(2,8),(4,8) 15a4 (2,6)
" (2,12)7 30a2
(16) 7( ) )7(2716) 210e1
[(2,8)](2,16)%, (4,8) [ 210e2 |
[(10)[(20), (2, 10) | e6ct
[(12)](24), (2,12) | 90c3
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