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TORSION OF RATIONAL ELLIPTIC CURVES
OVER QUADRATIC FIELDS II

ENRIQUE GONZALEZ-JIMENEZ AND JOSE M. TORNERO

ABSTRACT. Let E be an elliptic curve defined over Q and let G = E(Q)tors be
the associated torsion group. In a previous paper, the authors studied, for a
given G, which possible groups G < H could appear such that H = E(K)tors,
for [K : Q] = 2. In the present paper, we go further in this study and compute,
under this assumption and for every such G, all the possible situations where
G # H. The result is optimal, as we also display examples for every situation
we state as possible. As a consequence, the maximum number of quadratic
number fields K such that E(Q)tors # E(K )tors is easily obtained.

1. INTRODUCTION

Let E be an elliptic curve defined over a number field L. The Mordell-Weil
Theorem states that the set of L-rational points, E(L), is a finitely generated
abelian group. So it can be written as E(L) = E(L)iors ®Z", for some non-negative
integer r (called the rank of F(L)) and some finite torsion subgroup E(L)tors. It is
well known that there exist two positive integers n, m such that n|m and E(L)tors
is isomorphic to C,, X Cy,, where C,, is the cyclic group of order n [20].

Through this paper, we will often write G = H (respectively G < H or G < H)
for the fact that G is isomorphic to H (repectively, isomorphic to a subgroup of H
or to a proper subgroup of H) without further detail on the precise isomorphism.

We define some useful sets for the sequel:

e Let ®(d) be the set of possible groups that can appear as the torsion sub-
group of an elliptic curve defined over a certain number field L of degree
d.

e Let ®g(d) be the set of possible groups that can appear as the torsion
subgroup over a number field of degree d, of an elliptic curve E defined
over the rationals.

o Let G € ®(1). We will write ®g(d, G) the set of possible groups that can
appear as the torsion subgroup over any number field L of degree d, of an
elliptic curve E defined over the rationals, such that E(Q)ors = G.
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Connected to these sets, some known results are:
e Mazur’s landmark papers [16] [I7] established that

(1) ={Cp | n=1,...,10,12} U{C2 X Cap | m = 1,...,4}.

e After this, in a long series of papers by Kenku, Momose and Kamienny
ending in |10, 1], the quadratic case was given a description:

B2) = {Coln=1,...,16,18}U{Cs x Com | m =1,...,6} U
{C3X63T|T‘=1,2}U{C4XC4}.
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e The sets Pg(d) have been completely described by Najman [18] for d = 2, 3:

@Q(?) = {Cn|7121,...,10,12,15,16}U{CQXCQm|m:1,...,6}U
{C3XC3T|T:1,2}U{C4XC4},
(I)Q(?)) = {Cn|n=1,...,10,12,13,14,18,21}U{Cg><C2m|m:1,...,4,7}.

e The work of Fujita [5] gave the precise list (building upon previous work
of Laska and Lorenz [15]) of torsion groups over the maximal elementary
abelian 2—extension of Q, of elliptic curves defined over the rationals. The
full list of such groups will be denoted by ®g(2°°):

o(2%°) = {Cp|n=1,3,57,9,15}U{Cs X Co | m = 1,...,6,8} U
{C3 xCs}U{Cy X Cyp |7 =1,...,4} U{Cas X Cas | s = 3,4} .
e The set Pg(2, G), for non—cyclic G was characterized by Kwon [14].
Finally, in [7], we gave a precise description of the set ®g(2,G), for all G € ®(1).

Theorem 1. For G € ®(1), the set Pp(2,G) is the following:

G dg (2,G)
Cy {C1,C3,C5, Cr, Co}
Co {CQ, Cy4,Cs,Cs,C10,Cr2,Ci6,CaxCa, Ca xCs, Ca XClO}
C3 {C3, C15, C3 x C3}
C4 {C4,Cg,clg,CQXC4,CQXCg,CQXCu,C4XC4}
Cs {Cs5, C15}
Ce {Cs, C12, C2 x Cq, C3 x Cs}
Cr {C7}
Cs {Cs, Ci6, C2 x Cg}
Co {C9}
Cio {Clo, Ca x CIO}
Ci2 {012, Ca x 012}
CQXCQ {CQXCQ,CQXC4,62XCG,62XC8,62X612}
CQ X C4 {CQ X C4, CQ X Cg, C4 X C4}
CQ X CG {Cg X CG,CQ X 612}
CQ X Cg {CQ X Cg}

Let us fix now some useful notations:
o We will use letters L and F' for generic number fields, whereas K will be
reserved for proper quadratic extensions of Q.
e We will denote by Q(2%°) = Q ({v/m|m € Z}), the maximal elementary
abelian 2—extension of Q.
e Let E be an elliptic curve defined over a number field L. Without loss of
generality we can assume F is defined by a short Weierstrass form

E:Y?=X34AX+B;: ABe€clL,
and we will then write,
B(L) = {(z,y) € L* | y* = 2> + Az + B} U{O},

the set of L-rational points of F, and O its point at infinity.

e For an elliptic curve F, let Ag be, as customary, its discriminant.

e For an elliptic curve F and an integer n, let E[n] be the subgroup of all
points whose order is a divisor of n (over Q), and let E(L)[n] be the set of
points in E[n] with coordinates in L, for any number field L (including the
case L = Q).

e Under the same conditions, let Q(FE[n]) be the extension generated by all
the coordinates of points in E[n].

e For an elliptic curve E defined over the rationals given by a short Weier-
strass equation F : Y2 = X34+ AX + B, and a squarefree integer D, let Ep
denote its quadratic twist. That is, the elliptic curve with the Weierstrass
equation Ep : DY? = X3+ AX + B.
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Please mind that, in the sequel, for examples and particular curves we will use
the Antwerp—Cremona tables and labels [T} [2].

Our aim in this paper is to go further than we did in [7]. More precisely, at the
end of [7] we posed three questions (named Problems 1, 2 and 3). Problems 1 and
3 are generalized in the following question:

Question.— For a given G € ®(1), let S = {Hq, ..., H,} C ®g(2,G). Find if there
exists a fixed elliptic curve F defined over the rationals and squarefree integers
D1, ..., D, such that:

L4 E(@)tors - G7
o E(Q(VD;))tors = Hi, fori=1,...,n,
o G = E(K)ios for every other quadratic extension K/Q.

We will answer this question, which will imply the solution to Problems 1 and 3
in 7] as a direct corollary.

More precisely, we will prove two main results. First, we will compute explicitly
how many quadratic extensions K/Q one can have with a proper extension of the
torsion group for a given curve, depending only on the rational torsion structure.
This will be done in the following result:

Theorem 2. Let be G € ®(1) and H € Pg (2,G) such that G # H. Then the
number h of possible quadratic fields K such that E(Q)iors = G and E(K)iors = H
for a fized rational elliptic curve E is given in the following table:

Gl 7 [ h ][] 7 [h [ @ [ & ]

C 1,2 h |
3 ’ Cis
o 57 : C e | Cs cchcg 2
Co Cclsz 21 [ Ciy [CaxCio| 1 |
Ca Cy % Ca | Cio [CoxCia| 1 ]
gﬁ‘ 12| |G CoxCs | 1 gzig4 1,23
8 Cy xC 2 6
Ci6 1 (G Cs [1] TR
gz i g2 Ce CQC>1<2C6 2 Co xCa Cs x Cy 1
ijCfO C3 x Cg 1 |C2XCG|62X612| 1 |

Once this is done, we will solve a more delicate problem. We will compute, for
a given G € ®(1), all the possibilities for ®g(2,G) that actually appear. That is,
the full set:

Ho(2,G) = {S1,...,Sn}
satisfying, for all ¢ = 1,...,n, that
S; = [Hi, ..., Hp]
is a list, with H; € ®g(2,G) \ {G}, and there exists an elliptic curve E; defined
over Q such that:

L4 Ei(@)tors = Ga

e there are quadratic fields Ki, ..., K, with E;(K;)iors = Hj, for all j =
1,...,m,

o E;(K)tors = G, for any other quadratic extension K/Q.

Note that we are admitting the possibility of two (or more) of the H; being
identical. We describe explicitly Hg(2, G) in Theorem [3

Theorem 3. Let be G € (1) such that g (2,G) # {G}. Then:
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[G [Ho2.6) |

. R -
25 e, ?:;X . | G |Hol2,G)

Cl 7 3 3 CQ X C4
Cg CQ X C4 Cg X CG
C3,C3 CQ X Cg Cg X Cg
C3,Cs Co x Cy2 Cs X Cio
CQ X C2 C4 C4 X C4 Co xCq | Co x C4,CQ X Cy4
Ca x Cq Ca x C4,Ci2 Co X C4,Ca x Cg
Cs x C1o Ca x C4,Cg,Cy Cy x Cy,Cy x Cg
Co x Cs,Cg Ca x Cg,Cs,Cy Co X Cy,Co X Cy,Co X Cy
Ca x Ca,Cyo [ C5 [Cis | Co X C4,Co x C4,Co X Cg
Cz X CG’CG CQ X Cg CQ X CS

Co 22 X 52754’24 Co | Ca x Cg,C3 X Cg Cq X Cy

2 X L2,06,C6 Cs % Cg,C12,C12 Ca xCy | Ca X Cg,Cq X Cy

Ca x C2,Cg,Cs Cy x Cg,Cs x C
X OOt c Cy < Cs 2 X Cg,Ca X Cg
— 02764’612 8 [y < Cs.CioCro Ca x Cg,Ca x Cg,C4 x C4
Ca x Co,C4,C15 [ Co | C2 x Co | [C2xCs[CoxCr |
C2 X C6,C4,Cy [ Ci2 | C2 X Cig |
Ca X C3,C4,Cy,Cs

In particular, we obtain the following corollary:

Corollary 4. If E is an elliptic curve defined over Q, then there are at most four
quadratic fields K;, i = 1,...,4, such that E(K;)tors # E(Q)tors. That is,
S|S e 2,G)} = 4.
Jnax {#5]5 € Ho(2,G)}
We would like to mention this last result has also been proved independently by

Najman [I9]. His proof uses a very different kind of argument and, in particular,
Theorems 2] and 3] do not follow from his results.

Acknowledgements. Both authors are grateful to Noam Elkies, for his insight in
the problem concerning curves with Cy x Cg torsion, and in particular for pointing
out to them the parametrization in [3]. Also, Yasutsugu Fujita was very kind to
explain to us in detail his argument for Proposition [@ and we thank him for this
here. Last, the referees this paper was sent to did a painstaking and exhaustive
work which greatly improved its overall quality, and both authors are enormously
grateful for that.

2. SOME TECHNICAL RESULTS

Aside from the above main results, a number of auxiliary results are needed for
our arguments.
We already mentioned this result by Fujita:

Theorem 5. [5l Theorem 2| Let E be an elliptic curve over Q. Then, the torsion
subgroup E(Q(2%°))iors is isomorphic to one of the following 20 groups:

Cn for N =1,3,5,7,9,15;
Ca X Can for N=1,...,6,8;

C4 X C4N for N = 1, ...,4;

CQN XCQN fOTN=3,4;

C3 XC3.

In the same paper one can find the following useful result:

Proposition 6. [5, Proposition 11] Let E be an elliptic curve over Q such that
E(Q)tors is cyclic. Then Cs x Cs £ E(Q(2°))tors-
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A classical result which could be found, for instance, in [20, Corollary 8.1.1] is
the following:

Proposition 7. Let E be an elliptic curve over a number field L. If C,, X Cp, =
E[m] < E(L), then L contains the cyclotomic field generated by the m—th roots of
unity.

In another paper by Fujita [4], the following two results can be found:

Theorem 8. [4] Theorem 1] Let E be an elliptic curve over Q such that E(Q)tors
s mon-cyclic.

° If E(@)tors = Cg X Cg, then E(@(T)O))tors = C4 X C16.

° If E(@)tors = Cg X CG, then E(@(2m))tors = C4 X C12.

(] If E(Q)tors = CQ X C4, then E(Q(2m))tors S {C4 X Cg, Cg X Cg}

° IfE(Q)mrs =Cs XCQ, then E(Q(2oo))mrs S {C4 X C4, Cy X Cg, Cg X Cg, Cy X Clz,

Proposition 9. [4, Final Remark]| The minimal d for which the following groups
can be realized as E(Lg)tors with some elliptic curve E defined over Q, having non—
cyclic rational torsion, and some polyquadratic field Lq with [Lg: Q] = 29, is:

(1) d=4 f07“ C4 X C16.
) d:3f07’C4 ><C12.
) d:4f07’68 XCg.
) For all other types, we have d,,, = 2.

3. ON 2-DIVISIBILITY

In this section we are going to use two methods that allow us to decide when there
exists a point (or where to look for it) which divides by two a given point of some
order. The first method is classical in the literature of elliptic curves [12, Theorem
4.2]. Tt allows us to decide if a point defined over a number field L containing
Q(F[2)) is half a point over L too.

Lemma 10. Let E be an elliptic curve defined over a number field L given by
E:Y?=(X-a)(X - B)(X —),
with a, B,y € L. For P = (x9,y0) € E(L), there exists Q € E(L) such that 2QQ = P
if and only if xo — a,x9 — B and xo — v are all squares in L.
For our concerns, this will apply specifically to the following situation:

Proposition 11. Assume we have an elliptic curve
E:Y?’=X(X-A)(X-B), ABeQ

and Ca X Co < E(Q)tors and there are no points of order 4 in E(Q). Then, there are
1, 2 or 3 quadratic fields K with Co X C4 < E(K)tors- All three cases can appear.

Proof. Assume that the elliptic curve has Co X C4 < E(K)yors, with K = Q(\/ﬁ)
Let us first assume that the point who gets divided by two is (0,0). That is, there
is a certain Q € E(K) such that 2Q = (0,0). By the previous lemma 0,—A, —B
are then squares in K. This amounts to the existence of a,b € Q such that one of
the mutually exclusive pairs of equalities holds:

{-A=d’D, -B=0V"} or {~A=0a? —B=0’D} or {—A=a’D, —B =V>D}.

Of these cases, there is only one possible squarefree D satisfying the conditions.
The same goes if the divided point is (A,0) (change {4, B} for {A, A — B}) and if
it is (B,0). All in all there can be 1, 2 or 3 quadratic extensions where the torsion
contains Cy X Cy.

In Table 1 (see the appendix for an explanation of the table) one can find an
example for each of the three circumstances. O

C4 X 616}.
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The second technique is taken from Jeon et al. [9]. This method allows to find,
given a point defined over a number field F', an extension L/F' and a point defined
over L such that it is half of the given point.

Proposition 12. Let E be an elliptic curve defined over a number field F given
by the Weierstrass equation:

E: Y?=X*4+AX?+ BX + 3,
and P = (0,y0) € E(F). Let « be a root of the quartic polynomial
q(z) = 2% — 2A2? — 8ypx + A® — 4B.

Then the point Q = ((a? — A)/2,a(a?® — A)/2 — yo) € E(L), where L = F(a), and
2Q = P.

It is not difficult to check that the elliptic curve F and the one defined by the
quartic polynomial ¢(z), v?> = g(u), are isomorphic over F. Then, thanks to [6]
Appendix A.2|, we know that ¢(x) splits over a quadratic extension of F for each
2—torsion point of E defined over F'.

We will apply this procedure to points of even order N. Note that if E(Q)tors
is cyclic and P, P’ are two generators of this cyclic group, then if there exist a
number field L and a point Q € E(L) with 2Q = P, then there must also be some
Q' € E(L) with 2Q’ = P’. That is, the 2-divisibility holds for either all generators
or for none of them.

3.1. The case N = 2.

Lemma 13. Let
E: Y?=X(X?+AX + B)
be an elliptic curve defined over Q with E(Q)tors = C2. Then, there exists a qua-
dratic field K with C4 < E(K)tors if and only if B = s? for some s € Q.
Moreover, K = Ky := Q(v/A £ 2s) in this situation and Ky # K_.

Proof. Using Proposition [[2] with the point (0,0), we get the roots of the corre-
sponding quartic polynomial ¢(z) which are

+1/A+2VB.

A necessary and sufficient condition then for a point Q) to exist over a quadratic
field, with 2Q = (0,0), is B = s? for a certain s € Q. Should this be the case,
Q € E(K)[4], with K = Q(v/A £ 2s).

Please note that we have implicitly assumed that there are no points of order
2 in E(K') other than (0,0) that could be divided by 2 over any quadratic field
K'. In fact, this must always be the case, as from [7, Thm. 5 (ii)], G = C2 implies
Co x Cy £ E(K')tors for any quadratic field K.

Let us check K, # K_ for all s. Assume K, = K_. Then, A% — 45 is a
rational square. Therefore, X2 + AX + s? has two different rational roots. That is,
Cy x Cy < E(Q), which is a contradiction. O

3.2. The cases N =4,6,8.

Let N > 4 be an integer. We are given a curve E defined over a number field L
(for our purposes it will mostly be @, but the result is more general) and a point
P e E(L) of order N, and then we take the Tate normal form of E:

Toe: Y24+ (1—c)XY —bY = X3 —bX?
where P = (0,0). Changing coordinates by means of

c—1 b
T+ =;

X—X |, Y—Y+ 5 5

we obtain a Weierstrass model:

Toe: Y2 =X+ AX? + BX + C,
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with ) )
(c—1)* —4b b(c—1) b
4 ’ 2 4
In particular P = (0, —b/2). Then the quartic polynomial ¢(x) which characterizes
the existence of @ such that 2Q = P (see Proposition [[2)) is now:

+2 (14 24b 4 1662 — dc — 16be + 6¢2 — 8bc? — 4¢® + ),

A:

(1)

The Tate normal form also has an important feature, as it parametrizes the
different curves defined over the rationals with a common torsion structure [g].
Precisely, if Cxy < E(Q), there exists ¢ € Q such that E is Q-isomorphic to Tp..
where:

ec=0and b=tif N =4;
ec=tand b=1t>+1tif N = 6;
ec=02t—1)(t—-1)/tand b= (2t —1)(t—1) if N =8.

Lemma 14. Let E be an elliptic curve defined over Q with E(Q)tors = C4. Let
t € Q such that E is Q—isomorphic to To. Then, there exists a quadratic field K
with E(K)tors = Cs if and only if t = —s? for some s € Q.

Moreover, K = Ky := Q(\/1 +4s) in this situation and K4 # K_.

Proof. In this case, the roots of the quartic polynomial given at (1) are

1 1
VI EGVIH L Vg1V

A necessary and sufficient condition then for a point @ to exist over a quadratic
field, with 2Q = (0,0), is t = —s? for a certain s € Q. Should this be the case,
Qe E(Ki)[S], with Ky = Q(v/1 £ 4s).

As above, it must be (0,0) the point in E[4] who gets divided by 2. If there
were a non-rational point P € E(K’) of order 4 over some quadratic field K’ such
that there exists @ € E(K’) with 2Q = P, then E(K')iors must be a group with an
element @ of order 8 which does not generate the whole group (it does not generate
(0,0) in particular), which contradicts our assumption E(K')iors = Cs.

If Ky = K_, then (1 + 4s)(1 — 4s) is a rational square. Therefore, Ag is a
rational square. That is, Co X Cy < E(Q), which is a contradiction. O

Remark.— Note that the assumption E(K )iors = Cs is indeed necessary. Since if
we relax this hypothesis to E(K )iors < Cs, Lemma [I4 is false: the elliptic curve
240d6 has torsion subgroup C4 (resp. Ca X Cs, Cs, Cg) over Q (resp. Q(v/—1),

Q(v6), Q(v/=6)) (see Table D).

Lemma 15. Let E be an elliptic curve defined over Q with E(Q)iors = Cg. Let
t € Q such that E is Q—isomorphic to Ty244,. Then, there exists a quadratic field
K with C12 < E(K)ors if and only if t = —s? for some s € Q.

Moreover, K = K1 := Q(\/(1 £ s)(1 F 3s)) in this situation and K # K_.

Proof. In this case, the roots of the polynomial given at (1) are

\/—_ti%\/(1+t)(1—4\/—_t—3t) : —\/—_tj:%\/(l—i-t)(l—i—él\/—_—?)t)

A necessary and sufficient condition then for a point @ to exist over a quadratic
field, with 2Q = P, is t = —s? for a certain s € Q. Should this be the case:
Q € E(K1)[12], with K1 = Q(1/(1 £ s)(1 F 3s)).

Again, the point in E[6] who gets divided by 2 must be rational. This time it
is easier, as the only group in ®g(2,Cq) with elements of order 12 is precisely Ca,
so the only two available points are (0,0) and its inverse, which yield the same
situation.

If K, = K_ for some s, there exists r € Q with

(1+5)(1 —3s) =r%(1 — s)(1 + 3s).
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That is to say, the equation
C: 22 =(1-5%)(1—-9s%

has a non-trivial rational solution, s # 0,+1,41/3 (these solutions correspond to
Tate models which do not yield elliptic curves). C defines then an elliptic curve
with at least 8 rational points: 6 trivial ones, and 2 more at infinity. But C is
Q-isomorphic to 24al, whose Mordell group is C3 x C4. Therefore, the affine points
in C(Q) correspond to the trivial points. O

Lemma 16. Let E be an elliptic curve defined over Q with E(Q)iors = Cs. Let
t € Q such that E is Q-isomorphic to Tiai_1)(t—1),(2t—1)(t—1)/t- LThen, there exists
a quadratic field K with Ci¢ < E(K)ors if and only if t = s2/(s®> + 1) for some
s e Q.

Moreover, K = Ky := Q(+/(s* — 1)(—1 £ 2s + s?)) in this situation and Ky #
K_.

Proof. In this case, the roots of the polynomial given at () are

Vil —t) £ %\/(1 —2t)(1 — 6t + 42 — 4t\/t(1 — 1)),
VT 1) £ £/ (1 - 20)(1 — 6t + 482 — 41, /H(1 — 7).

A necessary and sufficient condition then for a point ) to exist over a quadratic
field, with 2Q = P, is t(1 — t) = s? for a certain s € Q. This equation is a genus
zero curve again, parametrized by:

T2 T

BRTES ’ IR
for some r € Q. Should this be the case, Q € E(K1)[12], with
Ky =Q(/(r* = 1)(-=1 4 2r +1r2)).

Once more, the point in F[8] who gets divided by 2 must be rational, as the only
group in ®g(2,Cs) with elements of order 16 is Cig.
Finally, let us check K, # K_ for all s. If not, there is some r € Q with

(s* = 1)(=1+42s+ %) = r?(s* = 1)(—=1 — 25 + 5%)
for a certain s. That implies the equation

C: 22 =(—1+2s+5%)(~1—25+ 5%

has a non-trivial rational solution (non—trivial meaning s # 0), as the trivial so-
lutions match the Tate models which do not yield elliptic curves. C defines an
elliptic curve with at least 4 rational points (2 trivial, 2 at infinity), but in fact it
is isomorphic to the curve 32a2 whose Mordell group is C2 x Cy. Hence the affine
points in C(Q) are just the trivial points and we are done. O

4. PROOF OF THEOREM

For a given G € ®(1) and H € $g (2,G), we calculate the number h of possible
quadratic fields K such that, for a given rational elliptic curve FE with E(Q)tors = G,
we have E(K )ors = H.

4.1. The cyclic case.

e Clearly, if H = Cy X Ca,, for some integer m, this can only happen over the
quadratic field K = Q(v/Ag). Note that K is actually always a quadratic extension,
as Q(F[2]) # Q. This rules out the cases:

o G =Cq, H=0Cy X Cqp, with m=1,3,5;
o G =Cyq, H=0Cy X Cyp, withm=1,2,3;
o G=Cr, H=2Cy xC,p, withr=26,8,10,12.
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e Assume G = Cy and H < C4,. Lemma [I3] shows that there can be 1 or 2
quadratic fields in which this situation holds. When H = C4,Cs in fact both things
can happen (see examples in Table [[l at the appendix).

However, for the remaining cases, the situation can only hold in one quadratic
field. Let us do with a little detail the case H = Ci2, as the case H = Ci¢ is
analogous. So we are assuming G = C; and H = Ci5 for two different quadratic
fields. Then, as we also have a quadratic field where the full 2—torsion appears,
C¢ x Ci2 should be a subgroup of one of the groups in ®¢(2°°), and that is not
possible from Theorem

o If G =Cyy, and H = Cy,, for n = 2,3, 4, Lemmas [[ATHTE (respectively) show
that there are exactly two quadratic fields where the appropriate torsion extension
occurs.

o If H =Cy xCy (resp. H = C3 x C3p, n = 1,2) the quadratic field must be
K =Q(v/~1) (resp. K =Q(v/-3)) byl This proves the cases

o G=Cy, H=2Cy xCy;
o G:C'g,, H:C'g, XCg;
o G:CG, H263 XCG.

e For any given G = C,,, H = G x C,, with ged(n,m) = 1 can appear at most
twice, since E[m] = Cp, X Cp,. More precisely, if m = 5,7,9 then only one quadratic
field may extend the torsion in this way since, if there were two such quadratic
fields, the cyclotomic field generated by the m—th roots of unity, Q(¢,,), should be
a subfield of the corresponding biquadratic case from Proposition[7], and that is not
possible. This proves the cases:

o G=Ci, H=2C, withm=25,7,9;
OG:CQ,H261Q.
OG=Cg,Hzcl5.

Now if m = 3 then H may appear once or twice. It actually happens twice in the
following cases (see examples in Table [Tl at the appendix):

o Gzcl,H263.
o G:CQ,H:CG.

e There are only two cases remaining: G = C,,, H = C3, for n = 4,5. Only
one quadratic field is possible in these instances. If there were two quadratic fields
where H appears, then C,, x C3 x C3 should be a subgroup of one of the groups in
D(2°°) for n = 4,5; and that is impossible from Theorem [

4.2. The non—cyclic case.

Let E be an elliptic curve defined over Q such that E(Q)iors = G where G is the
following;:

e G =Cy xCy. If H=Cy xC4 there might be 1, 2 or 3 quadratic extensions,
following Proposition [[1]in the previous section.

If H = Cs x Cqy, with n = 3,6 appears in two different quadratic extensions,
then there are two independent points of order 3 in Q(2°°). As a result, Cg X Cg <
E(Q(2°))tors, which contradicts Theorem

If H = Cy x Cg for two different quadratic extensions, we must have two differ-
ent points of order 8. Let us call L the composition field of these two quadratic
extensions. There are two groups in ®g(2°°) with more than one element of order
8: C4 x Cg and Cg x Cs. But the first one is not our case: looking at the lattice of
subgroups of C4 x Cg one can realize that both Co x Cg have a common subgroup
Ca x C4, while the intersection (in our case) should only be G = C3 x C3. This implies
E(L)tors had to be Cg x Cs and Proposition @ltells us that under these circumstances
[L : Q] > 16. Hence only one quadratic extension with H = C2 x Cg can occur.

e G = C3xCy. As we mentioned above, if H = C4 x C4 the only possible extension

is Q(v-1)/Q.
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When H = Cy x Cg the first part of Lemma [I4] can be applied verbatim and it
shows that 1 or 2 extensions can appear (both things occur).

e (G = C3 xCg. The only group extension, by Theorem[lis H = C3 x C12. Lemma
tells us (the first part) that either one or two relevant quadratic extensions may
appear.

Also, from Theorem [§we know that E(Q(2°))tors = C4 XC12, and by Proposition
[ that E(L)ors = C4 X C12 implies [L : Q] > 8.

But, if there were two quadratic extensions, K1, Ko with E(K;)tors = C2 X C12,
let us write F' the composite of K; and Ky (in particular, [F' : Q] = 4). Then
clearly E(F)iors = C4 X C12, because it must be contained in E(Q(2%))tors and it
should be strictly bigger than both E(K;)tors-

This is a contradiction and therefore, only one quadratic extension K can appear
with E(K)tors =H = C2 X 612.

Remark.— These two last cases can also be found in [I4], but the proofs there
are longer, as we can take advantage of the many results which have appeared
concerning this matter since (specially those in [4] []).

5. PROOF OF THEOREM [

Now we are going to prove Theorem [8l For this purpose, for a given G € ®(1)
let us build a set S(G) consisting of the groups H € ®g(2,G) \ {G}, repeated as
many times as the number of possible quadratic fields where H appears in Theorem
Our task is checking, for any subset S € S(G) if S belongs to Hg(2, G) or not.

Example.— As
®q(2,C1) ={ (1, C5, C5, Cr, Co }

and Theorem 2] tells us that two quadratic extensions can appear with torsion group
Cs, we have

S = {1Gsl; (G5l 10215 [Cols Cs,Cal 5 [Ca,Csl5 [Cs,Cals [Ca,Col
[C5,C7]5 [C5,Co]; [Cr,Cols [C3,C3,C5) 5 [C3,C3,Crl 5 [C3,C3,Co ;
[C3,C5,C7]; [C3,C5,Col 5 [C3,Cr,Col5 [C5,Cr,Col5 [C3,C5,C5,Crl
[C3,C3,C5,Col5 [C3,C3,Cr,Co] 5 [Cs,C5,Cr,Col 5 [C3,C3,C5,Cr,Co }
Mind that at Table [[lwe have (for all G € ®(1)) examples of elliptic curves over

Q satisfying the conditions in Theorem B}, for any S € Hg(2,G). Therefore, now
we have to prove that there does not exist any other possible S € S(G).

Remark.— Let be G € ®(1) cyclic and of even order. Then, for any S € Hg(2,G)
there always exists a unique non-cyclic H € S, the one corresponding to Q(F[2])
(a quadratic extension in this case), where F is the elliptic curve associated to S.

5.1. The groups C7,Co,Cs X Cs.

These are the easiest cases, since by Theorem [I] we have that these groups are
stable under all quadratic extensions. Therefore, in these cases,

Ho(2,G) = 0.
5.2. The groups Cs,C19,C12,Co X Cg.

Using Theorem [2] these cases are almost as easy as the previous ones, since we
have that S(G) has only one element and we have examples in Table [I] for any of
those cases, we obtain that

Ho(2,G) = S(G).
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5.3. The group C;.

Consider the groups in ®g(2,Cy). Mind that the intersection of two groups must
be trivial in this case, hence we must look for (two or more) elements in ®g(2,C;),
other than Cy, such that their product lies in ®¢(2°°). From that, we easily deduce
that

Ho(2,01) = { [Csls [Csls [C7); [Col: [Ca.Cals [Ca. sl
5.4. The group Cs.

From all cases in S(C3), the only case to discard is S = [C3 x C3, C15]. In that
case, C3 X Cy5 should be a subgroup of some group in ®g(2°°). But this does not
happen.

Ho(2,C5) = { [Cs x Ca}; [Ca] }-
5.5. The group Cs.

By the previous remark, Theorem[2land Lemma[l6 we have that the only possible
subsets in S(Cg) are [C2 x Cg] and [C2 x Cs,C16,C16). Mind that C16 appears twice
or it does not appear at all, from Lemma Since we have examples in Table [I]
for those cases, we have proved:

Ho(2,C8) = { [C2 x Cg]; [C2 x Cs,C16,Cig] }
5.6. The group Cy x Cy4.

As previously, we have examples in Table [l for any subset in S(Ca x C4), which
proves:

Ho(2,Co x Ca) = {[Cz x Cs]; [Ca X Ca]; [C2 % Cg,Ca X Cs]; [C2 % Cg,Cq X C4l;
[CQ X Cg,CQ X Cg,C4 X C4] }
5.7. The group Cs.

From the examples in Table [I] the only case to discard is S = [C3 X Cg,C3 X
Cs,C12,C12] (as above, Lemma [T implies that C12 appears twice if it does). But if
there exists an elliptic curve E over Q such that over four quadratic fields has those
torsion subgroups, then C3 x Ci2 is a subgroup of E(Q(2°))tors- But no group of
®(2°°) has such subgroups from Theorem 5l Therefore we have proved:

Ho(2,C) = { [Co x Cg|; [Ca x Cg,C3 X Cg]; [Ca x Cg,Cr2,C12] }
5.8. The group Cj4.

There must always be exactly one non—cyclic group, and Lemma [I4] tells us
that Cg, if it appears in a quadratic extension, then it appears in two quadratic
extensions. So, a quick comparison between S(C4) and Hg(2,C4) in Theorem Bl
tells us that it suffices to prove two assertions.

First, there does not exist S € Hg(2,C4) such that one of the following facts
happens:

e Hi,H> € S such that Cg < Hy and Cio < Ho;
L] Hl,HQ € S such that H1 = H2 = (/’12;

Note that there does not exist H € ®¢(2°°) with elements of order 8 and 12. This
proves the first point. On the other hand, C;2 cannot appear twice in an element
in S, since that would imply there should exist H € ®g(2*°) with C3 x C12 < H.
But that is impossible too from Theorem [l
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Second and last, we need to prove that if C4 x C4 € S, then S = [C4 X C4]. That
is, we have to discard the following elements in S(Cy4):

[C4 X C4a Cl?]v [C4 X C47 CS; Cg] .

Let us prove first [C4 X Cyq, C12] ¢ S(C4). Suppose that there exists an elliptic
curve F over Q and a squarefree integer D such that E(Q(\/ﬁ))tors = C12 and

E(Q(v=1))tors = C4 x C4. Let us denote by L = Q(v/D,+/—1). In our situation
Cs < Ep(Q)tors from [T, Cor. 4] and Cy x Cs < Ep(Q(v/—1))tors- Let t € Q be
the relevant parameter in the Tate model of Fp (the one we recalled in subsection
3.2). That is, we can find a Q-isomorphism such that a model for Ep is:

Y2 =(X—1t) <X2 — i(3t2+2t— )X — %(t2 +2t+1)) :

Now, since Co X C2 < Ep(Q(v/—1))tors, this means the discriminant of Ep is a
square in Q(v/=1) (and not in Q), which implies (1 + ¢)(1 + 9¢) = —r? for some

r € Q. Parametrizing this conic we obtain
81m? +1
f=——
9(9m2 + 1)

for some m € Q. Taking this back to the equation above we have the points of
order 2: (A + Bv/—1,0), (¢,0) where

4(1 + 36m? + 243m*) and B — 24(m + 9m?)
27(1 + 9m2)3 S 27(1+ 9m2)3

2) A=

Using
E(Q(\/B))mrs = Cl?a E(Q( \% _1))tors - C4 X C47
we have F(L)tors = C4 X C12 from Theorem Bl Therefore

ED (L)tors - C4 X (/’127

since F and Ep are isomorphic over Q(\/l_)) Let us prove that this is impossible.
Assume that all the points of order 2 can be divided by two in L. In particular,
there should exist v € L such that A + By/—1 =~2. If

y=ap+a1v—1+ ag\/ﬁ—l— a3V —D,

then it is a straightforward computation to check that a necessary condition is that
v =a+by/—=1 or v = av/'D + by/=D for some a,b € Q. Assuming that v is of one
of the forms above, the equality A+ By/—1 = ~? holds if and only if A = (a? —b?)r
and B = 2abr, where r = 1 or r = D. Solving this equations on the variables a and
b and using the definition of A and B from (2] we obtain

[N

a= i% % (1 +27m? £ /(1 + 9m?)(1 + 81m2))
Then a necessary condition for a € Q is that (1 + 9m?)(1 + 81m?) = s? for some
s € Q. This equation defines an elliptic curve (48a1) over Q, whose Mordell group
is Co x Co. But apart form the points at infinity, these points correspond to m = 0,
and this value gives us a Tate model which does not yield an elliptic curve (it
corresponds to t = —1/9). This proves [C4 X C4, C12] ¢ S(C4).

Finally then, let us prove [C4y X C4, Cs, Cs] ¢ S(C4). That is, we have to prove
that, if an elliptic curve E over Q has F(Q)iors = C4 then there does not exist a
squarefree integer D such that E(Q(v/D))iors = Cs and E(Q(v/=1))tors = C4 X Cy.

If Cs = E(K )iors for some quadratic field K then t = —s? for some s € Q from
Lemma [T4 where ¢ is the relevant parameter in the Tate model of E. That is:

S4

1 2
B:Y? = X742 (14+45°) X2+ SX + .
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As E(Q(v—1))tors = C4 x C4 it must have full 2—torsion over Q(v/—1) and that
means Ag is a square in Q(v/—1). This implies 1 — 16s? is a square in Q(v/—1)
(and not in Q), and hence we can write

1—16s% = —r?

3
for some r € Q. Parametrizing this conic we obtain

m? +4m +5 22+ m)
= ) T = T
4(m+1)(m + 3) (m+1)(m+3)
for some m € Q. Taking this back to the equation of E we find that the full
2-torsion is given by points («;,0), i = 1,2, 3, where

(m+2++/-1)2 (m+2—+-1)2 (5 + 4m + m?)?

T T 8mr Dm+3) T T 8mrDm+3)” T T 16(m+ 1)2(m+3)2

As E(Q(v—1))tors = C4 X Cy4, all these points can be halved in Q(v/—1), so, by
Lemma[I3], o; — o; must be a square in Q(v/—1) for all ¢, j € {1,2,3}. In particular

(m+ 2)
Cap=— Vasy
T Tt )(m + 3)
That is o — s = m/—1 where r € Q. So, if oy —ay = B2 for some 8 = a+by/—1 €
Q(v/—1), it must be b = +a, and 8 = a + ay/—1. Then
(m+2)

— = +2a?,
2(m + 1)(m + 3)

otherwise said,
(m +1)(m +2)(m + 3) = £2%,

for some z € Q. These two equations define elliptic curves over Q and in fact both
are isomorphic to 32a2, whose Mordell group is Co x C3. So, the only available
solutions are the trivial ones (z = 0) given by m = —1,—2,-3. But m = —1,-3
are not available in the parametrization above (as they divide the numerator of
s), while m = —2 gives us a Tate model which does not yield an elliptic curve (it
corresponds to t = —1/16).

Therefore we have proved:

Ho(2,C1) = { [C2 % Cal; [Co % Cs]; [Ca x Cia], [Ca X Cal:

(C2 % C1,Cuzls [C2 % Ca,Co, Csl: [C2 x Cs,Cs,C]}.

5.9. The group C; x Cs.

As before, a comparison between S(Ca x C2) and Hg(2,C2 X C2) (shown in Table
[[ at the appendix) tells us that the proof for this case amounts to proving that, for
any S e S(CQ X Cg):

(1) If C3 x C12 € S, then S = [Cy x C12]: Suppose that there exists another
H € 9g(2,C2 x C3) such that H € S. Then there exists an elliptic curve de-
fined over Q and two squarefree integers D, D’ such that E(Q(\/ﬁ))mrs = (3 X C12
and E(Q(VD'))iors = H.

e Suppose that H = Cy x C4. Then there is a point of order 12 and a point
of order 4 in different fields, and therefore they generate different rational
points of order 4. That implies we may have C4 X C12 over the biquadratic
field Q(v/D, v D'), but Proposition [ tells us that this group can only ap-
pear at degree 23 or larger.

e Suppose that H = C3 x Cg. Then we would have Cs x Cs < EF(Q(2°))tors-
This contradicts Theorem [§

e Finally, assume that H = C2 x Cg. Then Cg x C12 < E(Q(2%°))4ors.- This
again contradicts Theorem [§
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(2) [C2 x Cg, C2 x Cg] ¢ S. Were this the case we would have CgxCs < E(Q(2°°))tors
which is not possible (Theorem 8.

(3) S # [Ca x Cg, C2 X Cyq, Ca x Cq]. We will not give full details here, as they are
similar to those in the previous subsection.

Let E be an elliptic curve defined over Q such that F(Q)tors = C2 X C2 and there
exist three squarefree integers D1, Do, D such that

E(@(\/ﬁi))tors = CogxCyfori=1,2,
E(Q(\/ﬁ))tors = CQ X Cg.

We are going to prove that this is impossible. In other words, C4 X C12 < E(L)tors is
not possible for any triquadratic field L. This is equivalent to the same statement,
but for the elliptic curve Ep, since E and Ep are isomorphic over Q(v/D). For this
purpose, we are going to use the general curve with torsion C x Cg by Kubert [13]
in the form given by Elkies [3]:

E Y2 = (X +8) (X 4+ (t+1)%) (X +(#*+1)%)

with 3-torsion points at X = 0. Now mind that, if the curve Y2 = X (X% +aX +b)
has a 4-torsion point T such that 27" = (0,0), then the first coordinate of T is a
square root of b. For E’, there are three choices of b, all equivalent. This is because,
projectively, E’ can be written as

V2 = (X + (tu)?) (X + (tv)*) (X + (uv)?)
with t +u 4+ v = 0. In our case the three possible b’s are:
B2+ +2t), —(=1+8)(1+)>(1+2t), (—1+ A +1)3(2+1).

Once Ep has full 4-torsion over some number field L then L must contain /—1
from Proposition [t so there are really only two other square roots that one needs
to specify to determine the triquadratic field. If two of the b’s yield points defined
over the same quadratic field then either one of these b’s is a square or two of them
multiply to a square. But this is already enough because each possibility yields an
elliptic curve of rank zero (24al and 48a1) and the torsion points on both curves
correspond to singular curves in the equation E’.
(4) If [CQ X C4,CQ X C4,CQ X C4] C S, then S = [CQ X C4,CQ X C4,CQ X C4] A group
Cy x Cg cannot appear in S from the argument above. And Cy x Cg cannot appear
either because there would be a point of order 8 in a quadratic extension, coming
from halving a point of order 4, but we have already obtained all possible quadratic
extension where the torsion grows (3, in fact, from Proposition [IT]).

All the remaining cases do happen, as shown in Table [[l Therefore we have
proved:

Ho(2,Cx C2) = {[C2x €l [C2 % Col; [Co % Gl [C2 % Caal;
[C2 X C4,Ca x C4]; [Ca x C4,Ca X Co|; [Ca x Cq,Ca X Cs];
[Ca X Ca,Co X Ca,Ca % Ca; [Co X Ca,Ca % Ca,Ca X Cs] }

5.10. The group Cs.

Some quick remarks on Hg(2,Cz) beforehand:

First, no element of Hg(2,C2) can contain both Cig9 (or C2 x Cy9) and C,, with
some m > 4. The reason for this is that no element in ®¢(2°°) has points of order
10 and points of order m. This, together with the remark at the beginning of the
section, shows that:

e (o x Cyp can only appear in an element of Hg(2,Cs) as [C2 X C1o].
e Cyp can only appear as [Cig, C2 X Ca].

Second, there are some pairs which cannot appear together in an element of
HQ(2,CQ)I
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e Cs (or C2 x Cg) and Cg, as there is no H € ®¢(2°°) with points of order 6
and points of order 8.

e Cs and Ci6. Assume Cg = (P) and Ci6 = (Q) are the torsion subgroups in
two different quadratic extensions. Consider the group homomorphism

p:CsxCig — E(Q(2™))
(nP,m@) +— nP+mQ
which verifies ker(p) = ((4P,8Q)), as the rational point of order 2 is the
only one who has its inverse in both quadratic extensions.
So E(Q(2%°))tors contains a group of 64 elements with (at least) an ele-
ment of order 8 and no elements of order 16. From Theorem [ this would

imply there exists an elliptic curve E defined over Q such that E(Q)tors = Co
and Cg x Cs < E(Q(2°°))tors and this contradicts Proposition [6

Another important remark here is the following: let E be an elliptic curve defined
over Q such that there is a quadratic extension K/Q with C,, = F(K )tors, and 4|n,
then there must be another quadratic extension K'/Q with C,,, = E(K')tors with
4|m. Moreover, there are no more extensions where the torsion grows, apart from
the splitting field of X3+ AX + B which gives a non—cyclic torsion group. This can
be deduced from Lemma [I3] as there are either 2 or no quadratic extension where
one can get points of order 4 and, therefore, groups C,, and C,, with n,m € 4Z.
The following pairs may then appear:

{C4,Ca}, {Ca,Cs}, {Cs,Ci2}, {C4,Ci6}, {Cs,Cs}, {Cs,Ci2}, {Cs,Ci6}, {Ci2,Ci6},

although the last three ones can already be ruled out from the arguments above.
Let us then construct the elements S € Hg(2,C2) in ascending order of #5:

o #S = 1: In this case S € {[C2 x C3], [C2 X Cg], [C2 x C1p]}. All of these
cases can occur (see examples in Table [T]).
e #S = 2: In Table[Il we can find examples of:

[CQ X CQ, CG], [CQ X CQ, ClO]; [CQ X Cg, CG]

These are all the possibilities, from Theorem [1] and the previous remarks.
e #S5 =3 with C3 x Cy € S. We have example for all the possible cases (after
taking into account the preliminary remarks), which are:

[Co X Ca, C4, C4], [Ca x Cq, Ca, Cs], [Cax Ca, C4, Cia],

[CQ X CQ; C47 616]5 [CQ X CQ; Cgv 68]7 [CQ X CQ; Cﬁv CG]
o #S =3 with C x Cg € S. We have examples for [Ca X Cg, C4, C4] and the
rest can be ruled out. Precisely:

[Co x Cs, C4, Cg], [C2 x Cg, C4, Ci6], [C2 x Cg, Cs, Cs]

cannot appear because there is no H € ®g(2°°) with points of order 6 and
points of order 8. Also

[Ca x Cs, C4, Ci2]
is not an option, as that would imply Cs x Cy2 is a subgrup of some H €
®(2%°). Finally,

[CQ X Cﬁv CG; CG]

is not an option. Were this the case, we would have three C3 subgroups
(different pairwise, as they appear in different quadratic extensions) of some
H € $g(2°°), which is not possible.

o #S =4 with Co x C3 € S. We have examples (see Table [I] as usual) for

S = [62 X C2, C47 C47 Cﬁ]7

and the remaining possibilities do not happen, in a similar way as the
previous case. In fact,

[C2 x Ca, C4, Cs, Cg], [C2 x Ca, C4, Ci6, Cs), [C2 x Ca, Cs, Cs, Cg)
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all have points of order 6 and points of order 8, while
[Ca x Ca, C4, Ci2, Ce),

would imply Cs x C12 < H for some group H € $g(2%).

o #S =4 with C2 xCg € S. The only case would be S = [C2 X Cg, C4, C4, Cg)
and in fact it does not occur, as it would imply C3 x Ci2 is a subgroup for
a certain H € $g(2%°).

e #S = 5. The only possible case would be S = [C3 x Ca, C4, C4, Cs, Cgl,
which would imply, again, C3 x C12 < H, for some H € $g(2°).

Therefore we have proved:

HQ (2,62 X CQ) = { [CQ X CQ]; [CQ X Cg] ; [CQ X ClO]; [CQ X CQ, CG]; [CQ X CQ, ClO];

[C2 x Cs, Cs]; [C2 x Ca, Cy, C4]; [C2 x Ca, Cg, Cg);
[C2 % Ca, Cs, Cg]; [C2 X Ca, C4, Cs]; [C2 X Ca, C4, Ci2];

[Ca x Ca, C4, Ci6]; [C2 % Cg, Ca, C4]; [C2 X Ca, C4, C4, Co] }
This finishes the proof of Theorem [Bl

APPENDIX: COMPUTATIONS

Let G € ®(1), S = [Hy, ..., Hy] € Ho(2,G), E an elliptic curve defined over Q
such that E(Q)iors = G and let Dy, ..., D,, € Z, squarefree, such that

E(Q(\/E))mrs = Hi for i = 1, e, m.

Let us write
Fs=Q (\/Dl, o \/Dm) .

Table [1l shows an example of every possible situation, where at

the first column is S,
the second column is S € Hp(2,G),
the third column is #.5,
the fourth column is F(Fs)tors,
the fifth column is the degree of Fg over Q,
the sixth column is the label of the elliptic curve E with minimal conductor
satisfying the conditions above,
e the seventh column displays the D’s corresponding to the respective H's
in S.
Remark.— With the previous notation, we have computed for any curve in the
Antwerp—Cremona tables [2]: G, S and E(Fs)tors. Interestingly, for a given S, the
group E(Fs)tors seem to be fully determined, except for the cases

G =Cy; S =1I[CaxCa Cy4, C4];

G:CQXCQ; SZ[CQXC4,CQ><C4]

where two different E(Fs) appear as we run through the entire set of curves in
[2]. Given the amount of computations we have carried out, we think it is safe to
conjecture that this is precisely the case

Remark.— Comparing the results in Table [[l with the set &g (2°°) we can conclude
that the only groups in ®g(2°°) which do not appear if we consider the groups
E(Fs)tors are:

C4 X 012, C4 X 0167 Cg X Cg.
These are, precisely, the groups discussed at Proposition Our computations
suggest that this is in fact the case, but we have not proved this in detail.
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TABLE 1. h = #S for S € Hg(2,G), d = [Fs : Q]

| G | Ho2,G) | h ]| E(F$)tors | d ]| label | D’s
Cs Cs 19a2 -3
Cs 1 Cs 9 75a2 5
o Cr Cr 208d1 —1
! Co Co 54a2 -3
C3,C3 9 C3 x C3 A 175b2 5,—15
C3,Cs Cis 50a4 —-3,5
CQ X CQ CQ X CQ 46al —-23
CQ X CG 1 Cg X CG 2 36a3 )
CQ X ClO CQ X ClO 450a3 —15
CQ X CQ,CG Cg X CG 14a3 —7, -3
Cs x Cq,C1g 2 Cy x C1g 150b3 —15,5
Co X CG,CG CG X CG 98a3 —7, 21
Cg X C4 15ab 5,—1,-5
Co | CaxC2Ca,C CixCi_ |, |[ 64 12,2
CQ X Cg,C&Cg C4 X Cg 2880r6 —17 6, —6
Co X CQ,C4,C8 3 Co X Cg 24a6 —2, 2, -1
CQ X CQ,C4,C12 CQ X 612 30a3 —15, 5, -3
Cs X Cq,C4,C6 Cy X C16 3150bk1 —7,105,—-15
CQ X 66,647C4 CQ X 612 450g1 —15, —3, 5
CQ X 62,66766 CG X CG 8 98a4 2, —77 21
CQ X CQ,C4,C4,C6 4 CQ X 612 30a7 10, —5, —2, -3
Cl 615 50a3 5
CB C3 X C3 1 C3 X C3 2 19a1 )
CQ X C4 CQ X C4 17a1 -1
CQ X Cg 1 Cg X Cg 9 192c6 -2
CQ X 612 CQ X 612 150c3 —15
C4 C4 X C4 C4 X C4 40a4d -1
CQ X C4,(/’12 CQ X 612 90c1 —15, -3
Cs x Cy4,Cg,Cs 2 Co x Cg 4 15a7 15,3,5
Cy x Cs,Cg,Cs Cyq x Cg 240d6 —-1,6,—6
| Cs | Cis | 1 || Cis | 2 || 50b1 | 5
CQ X CG 1 CQ X CG 2 14a4 -7
CG CQ X 66,63 X CG 2 CG X CG 4 14a1l —7, -3
CQ X 66,6127C12 3 CQ X 612 30a1l —15, —3, 5
C CQ X Cg 1 CQ X Cg 2 15a4 -1
8 CQ X 68,6167C16 3 CQ X ClG 4 210e1l —7, 1057 —15
| ClO | CQ X ClO | 1 || CQ X ClO | 2 || 66¢c1 | 33
| 612 | CQ X 612 | 1 || CQ X 612 | 2 || 90c3 | —15
CQ X C4 CQ X C4 33al —11
CQ X CG 1 Cg X CG 9 30a6 )
CQ X Cg Cg X Cg 63a2 )
CQ X 612 CQ X 612 96006 6
CQ X CQ C4 X C4 17a2 17, -1
Co x €4, Co X Ca 5 [ CixCy 120034 5.5
CQ X C4,C2 X CG CQ X 612 4 90c2 67 )
CQ X C4,Cg X Cg C4 X Cg 75b3 —5, 5
CQ X C4,Cg X C4,C2 X C4 3 C4 X C4 15a2 —575, -1
Co X C4,Co x Cy,Cqy x Cg C4 x Cg 510e5 —34,34, -1
CQ X Cg 1 Cg X Cg 9 15a3 5
C4 X C4 C4 X C4 195a3 -1
Co xCyq | Co xCg,Cqy xCy 9 C4 x Cg 15al 5, —1
CQ X CS,CQ X CS C4 X Cg 4 1230£f2 41, -1
CQ X CS,CQ X CS,C4 X C4 3 C4 X Cg 210e3 —6, 6, -1
| CQ X CG | CQ X 612 | 1 || CQ X 612 | 2 || 90c6 | 6
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