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CM ELLIPTIC CURVES: VOLCANOES, REALITY AND
APPLICATIONS, PART 1

PETE L. CLARK

ABSTRACT. For positive integers M | N and an order of discriminant A in an imaginary
quadratic field K with discriminant Ax < —4, we determine the fiber of the morphism
Xo(M,N) — X(1) over the closed point Ja corresponding to A. We also show that
the fiber of the natural map Xi(M, N) — Xo(M, N) over Ja is connected. Putting this
together we deduce the number of points in the fiber of X (M, N) — X(1) over Ja and
their residual degrees. In the continuation of this work [CS22b], these results will be
extended to Ax € {—4,3}. These works provide all the information needed to compute,
for each positive integer d, all subgroups of E(F)[tors], where F is a number field of degree
d and E,p is an elliptic curve with complex multiplication (CM).
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1. INTRODUCTION

This paper continues work of the author and his collaborators on torsion points of elliptic
curves with complex multiplication (CM) over number fields and CM points on elliptic
modular curves [CCS13], [CCRS14], [CP15], [BP17], [BCP17], [BCS17], [CP17], [BC20a],
[BC20b], [CCM21], [CGPS].

1.1. Some Modular Curves. In the present work it will be convenient to take a geometric
perspective, so we begin by recalling the notion of a modular curve X (H),q attached to a

subgroup H C GLy(Z/NZ)/{+£1}, as is developed in [Ma76]." For N € ZT, let E g be
an elliptic curve with j-invariant ¢. Then

Aut(Q(¢, E[N])/Q(t)) = GL2(Z/NZ),
and we let X(N),g be the smooth, projective integral (but not geometrically integral,
if N > 3) curve with function field Q(X(N)) = Q(t, E[N])#*!}. Thus Q(X(N))/Q(t)
is Galois with group GL2(Z/NZ)/{+£1}. Identifying Q(¢) with the function field of the
j-line X (1) = P!, we get a Galois branched covering of curves X(N) — X(1). To any
H C GLo(Z/NZ)/{#1} we get a subextension Q(X (H)) := Q(X(N))¥ of X(N) — X(1)
and thus a corresponding intermediate covering
X(N)— X(H) — X(1).

The spectrum of the function field Q(X(H)) is the fiber of 7 : X(H) — X(1) over the
generic point of X(1),g. The support of the fiber cop := 7};(00) consists precisely of the
cusps on X (H ), and we take Y (H) g to be the smooth, integral affine curve X (H) \ ooy.
We have Y (1) = A}Q = SpecQ]t], so a closed point J € Y (1) is given by an irreducible

1We also recommend [R0o97] for an especially careful exposition.
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polynomial J(t) € Q[t]. For J # t,t — 1728, computing the fibers 7};(J) over J for all H
is essentially the same as computing the “adelic Galois +-representation”

Pt : 8o, (1) — GL2(Z)/{£1}

on any elliptic curve with j-invariant j, where j is a root of J in Q. If F is a field of
characteristic 0 and E/ is an elliptic curve such that the modulo N Galois +-representation

py.t 0K — GLo(Z/NZ) — GLy(Z/NZ)/{£1}

has image in H, then E induces an F-rational point on X (H). Two elliptic curves (£1) /r,
(B2)/p with j-invariants different from 0, 1728 whose +-modulo N Galois representations
lie in H induce the same point on X (H)(F) iff they are quadratic twists of each other,
and every point of X (H)(F) whose image under 7 : X (H)(F) — X (1)(F) = P}(F) does
not lie in {¢,¢ — 1728, 00} arises from such an elliptic curve E,p. Similarly, a closed point
P € X(H) not lying over ¢ or t — 1728 on X (1) with residue field Q(P) corresponds to an
elliptic curve Eq(py with pn +(gg(p)) C H, well-defined up quadratic twist. Moreover, for
a number field F, every noncuspidal F-rational point P € X(H)(F) (including j = 0,1728)
is induced by at least one elliptic curve E,p for which the mod N Galois representation
lies inside H C GLg(Z/NZ) [DR73, Prop. VL.3.2].

The modular curves of interest to us here are the following ones:

e The curve X (N) q itself, a GL2(Z/NZ)/{£1}-Galois cover of the j-line X (1). For a field
F of characteristic 0, an elliptic curve E,p with j(E) # 0, 1728 defines an F-rational point
on X (N) iff the mod N Galois +-representation py + : gr — GL2(Z/NZ)/{£1} is trivial
iff for some quadratic twist EX of E the group scheme EX[N] is constant (“full N-torsion”).

e For positive integers M | N, we put X;(M,N) = X(H(M,N)), where H;(M,N) C
GL2(Z/NZ)/{£1} is the subgroup

{i<é 2>| b=0 (mod M), d=1 (modM)}.

We have X(N) = X1(N,N). At the other extreme, X;(N) := X;1(1, N). We have

(M,N) =(1,1)
[Q(X1(M,N)): Q(X(1))] = 2 E]\z\jx; z E;g ’
Me(M)p(N)Y(N) — nr é 3 |

2
(see e.g. [CGPS, §7.2]), where ¢(N) := #(Z/NZ)* and ¢ : Z+ — Z* is the unique mul-
tiplicative function such that ¢(¢¢) = (¢ + 1)¢2~! for all prime powers ¢%. For a field F
of characteristic 0, an elliptic curve E,p with j(E) # 0,1728 defines an F-rational point
on X1(M,N) iff for some quadratic twist EX there is an injective group homomorphism
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Z/MZ x Z/NZ — E(F). Thus the study of torsion subgroups of elliptic curves over num-
ber fields is very closely related to the study of closed points on X;(M, N).

e For positive integers M | N, we put Xo(M,N) := X(Hy(M,N)), where Hy(M,N) C
GL2(Z/NZ)/{£1} is the subgroup

{(8 g>\bzo (mod M), a=d (modM)},

We have X((N) := Xo(1,N). We have
(1) [QXo(M,N)): QX(1))] = [GL2(Z/NZ) /{£1} : Ho(M, N)|] = Mo(M)ip(N)

and thus also

deg(X1 (M, N)) = Xo(M, N)) {1 N<2
€g 1 ’ 0 ) - N .
4 N=3

For a field F' of characteristic 0, an elliptic curve E,p with j(E) # 0,1728 defines an F-
rational point on Xo(M, N) iff £/ admits an F-rational cyclic N-isogeny and also every
cyclic M-isogeny ¢ : E — E’ is F-rational: the latter condition is equivalent to Galois
acting on E[M] by scalar matrices.

1.2. The A-CM Locus. An elliptic curve over a field of characteristic 0 has complex
multiplication if its geometric endomorphism ring is an order in an imaginary quadratic
field. Imaginary quadratic orders are classified up to isomorphism by their discriminant A.
Each discriminant is a negative integer congruent to 0 or 1 mod 4, each negative integer
A =0,1 (mod 4) is the discriminant of a unique imaginary quadratic order, and for each
imaginary quadratic discriminant A there is a unique closed point Ja € X(1)/q corre-
sponding to elliptic curves with CM by the order of discriminant A. Thus for any modular
curve X (H) g, we have the A-CM locus, which is the fiber of the map 7 : X(H) — X(1)
over the closed point Ja. This is a finite Spec Q(Ja)-scheme, and it is étale if A < —4.

A recent result of Bourdon-Clark nearly determines the A-CM locus on X(N) g

Theorem 1.1 (Bourdon-Clark [BC20a]). Let O be an order in the imaginary quadratic field
K, with discriminant A, which we may write as A = A for f € Z*. Let P € X(N)q
be a closed A-CM point, and let w(P) = Ja be its image on X (1) q.

a) Suppose that N > 3 or A is odd. Then we have
Q(P) = K (Jy2a) KN,
where KN s the N-ray class field of K. Thus Q(P) contains K. Also we have
[Q(P) : Q(w(P))] = 2[Q(P) : K(n(P))] = 2#(O/NO)*.
b) Suppose that N =2 and A < —4 is even. Then we have

_fo A= 4
AP = {Q(J4A) A<—4
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In particular Q(P) does not contain K. We also have

[Q(P) : Qr(P))] = {; o

Remark 1.1. Let us compare Theorem 1.1 to some other results, both classical and recent.

a) When the order O is maximal — i.e., O = Zg, the full ring of integers of K —
we have A = Ag and K(P) = K(Jy2p,. ) K®) = KV and this is a geometric
phrasing of the “First Main Theorem of CM” [Sill, Thm. II.5.6] in the case where
the ideal is NZy for some N € Z+.

b) Closely related results have been obtained by Stevenhagen [St01], Lozano-Robledo
[LR22|, and Campagna-Pengo [CP22]. All three of these authors take the per-
spective that the residue field K(P) of any A-CM closed point on X(N) x may
be thought as the “N-ray class field of the nonmaximal order ©.”% In fact, for
any nonzero invertible O-ideal I, Campagna-Pengo show that the field K (h(E[I]))
obtained by adjoining to K the values of a Weber function on the I-torsion kernel
E[I] is the I-ray class field of the nonmaximal order O [CP22, Thm. 4.7]. This is
a full-fledged generalization of the First Main Theorem of Complex Multiplication
to all imaginary quadratic orders.

The map X(N) — X (1) is unramified away from 0, 1728, 0o, hence the same holds for
all morphisms of modular curves X(H) — X(1). For A < —4, locally at Ja the map
X(N) — X(1) is an unramified Galois covering, so the number of closed points is the degree
of the covering (which we know: cf. §1.1) divided by [Q(P) : Q]. When A € {3, —4} we
fall short of a complete description of the fiber of m : X (N) — X (1) over Ja only insofar
as we do not address their scheme-theoretic structure when they are not reduced.

1.3. Our Goal. The main goal of this paper is to pursue analogues of Theorem 1.1 for
the A-CM locus on the modular curves Xo(M, N) g and X1(M, N),q. Since the cover-
ings X;(M,N) — X (1) and Xo(M,N) — X(1) are usually not Galois, the automorphism
group need not act transitively on the fibers, so there may be more than one residue field
of closed points in the A-CM locus. In fact we will see that as N grows, the A-CM lo-
cus on Xo(N) and on X1 (V) can contain closed points of arbitrarily many different degrees.

The results obtained here generalize another recent work of Bourdon-Clark [BC20b], which
determines for all A and M | N, the least degree of a closed A-CM point on Xi(M, N)
and also over Xi(M,N),q. The latter result is equivalent to the determination of the
least degree of a number field F' for which there is a A-CM elliptic curve E,p such that
Z/MZ x ZJNZ — E(F).

Consider the following ambitious problem: for d € Z™, determine all groups 7' that arise
as a subgroup of E(F')[tors] for some elliptic curve E defined over a degree d number field.

2This occurs in the final version of [BC20a] as well, but identifying K (P) as the compositum of a ray
class field and a ring class field is a component of the proof given there.
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Work of Merel [Me96] shows that the set of (isomorphism classes of ) such groups is finite for
each d. However, at present the complete list of such groups is known only for d = 1 by work
of Mazur [Ma77], for d = 2 by work of Kenku-Momose and Kamienny [KM88], [Ka92] and
for d = 3 by work of Derickx-Etropolski-van Hoeij-Morrow-Zureick-Brown [DEVHMZB20].
It might be possible to handle the case of d = 4 by similar methods, but to push things
much farther than that seems to require a major theoretical breakthrough.

In contrast, a sufficiently good understanding of the A-CM locus on the family of curves
X1(M,N) o will yield a complete solution to the above problem upon restriction to the
class of CM elliptic curves. In the CM case, much better bounds on #FE(F)|[tors| in terms
of d = [F : Q] are known by work of Silverberg [Si88], [Si92] and Clark-Pollack [CP15],
[CP17]. If one knows all degrees of closed A-CM points on X;(M, N) g then one knows
all pairs (M, N) for which there is a closed A-CM point of degree dividing d on X;(M, N),
and thus the groups Z/M7 x 7Z/NZ are precisely the A-CM subtorsion groups in degree
d. Moreover, since [Q(Ja) : Q] tends to infinity with A, only finitely many A arise in each
degree d, so this yields a complete list of CM subtorsion groups in degree d.

Notice that we do not actually need the list of all degrees of closed A-CM points on
X1(M,N) but rather only the list of all multiples of these degrees. Otherwise put, for
applications to the determination of CM subtorsion groups it is enough to know all prim-
itive degrees [Q(P) : Q] of closed A-CM points on X;1(M, N) g, namely those degrees
that are not a proper multiple of any other such degree. This turns out to simplify the
answer considerably: Bourdon-Clark showed that every degree of a closed A-CM point on
X1(M,N) sk is a multiple of the least degree, and thus there is always a unque primitive
A-CM degree. On the other hand, [BC20b, Example 6.7] gives a case in which there are at
least two primitive degrees of A-CM closed points on X1(/N) g, and therefore knowing the
least degree does not give all degrees in which a A-CM elliptic curve can have a subgroup
isomorphic to Z/MZ x Z/NZ. The methods developed here allow one to determine all
degrees of A-CM closed points on X;(M, N) /@, but the tabulation of the answers gets
complicated. In a much more explicit way we will record all primitive degrees of A-CM
closed points on X (M, N) . We find that there are either one or two such degrees.

Theorem 1.1 implies that when M > 3 the residue field of Q(P) of every A-CM point
on X1(M, N) g contains K, so the work of Bourdon-Clark computes the unique primitive
degree of a A-CM point. Thus it remains to consider M € {1,2}.

1.4. Transition to Xo(M, N). Although most of the results of [BC20b] concern torsion
subgroups of CM elliptic curves, a key ingredient in their proofs was the study of rational
cyclic N-isogenies on CM elliptic curves. As Bourdon and I worked on [BC20b], they
gradually became aware of the extent to which the torsion subgroups of CM elliptic curves
are controlled by the existence or nonexistence of cyclic isogenies on CM elliptic curves
rational over various fields. The natural map X;(N) — Xo(N) is an isomorphism for
N < 2 and a (Z/NZ)* /{£1}-Galois cover for N > 3, which guarantees a connection
between isogenies and torsion points: as is well known, if you have an elliptic curve defined
over a number field F' with an F-rational cyclic N-isogeny, then this elliptic curve has a
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point of order N rational over a field extension of F' of degree at most @. But the
results of [BC20b] show a much tighter relationship in the CM case. This phenomenon is

elucidated by the following result that we will prove now, using the work of [BC20a].

Theorem 1.2. Let A < —4 be an imaginary quadratic discriminant, let M | N be positive
integers, and let P € Xo(M, N) g be a closed A-CM point. Then the map 7 : X1(M,N) —
Xo(M, N) is inert over P: that is, writing the fiber 7 (P) as Spec A for a finite-dimensional
Q(P)-algebra A, we have that A is a field.

Proof. If N < 2, then the map X;(M,N) — Xo(M,N) is an isomorphism, so we may
assume that N > 3, in which case it has degree #.

Let m: Xo(N,N) — Xo(M,N), and choose a point p € Xo(N, N) such that 7(p) = p.
Because the covering X (N) = X1 (N, N) — Xo(M, N) is the fiber product of the coverings
X1(M,N) = Xo(M,N) and Xo(N,N) — Xo(M, N), it suffices to show that the fiber of
X(N) = Xo(N,N) over p is inert. (If F' is a number field, L/F is a finite degree field
extension and A/F' is a finite dimensional commutative F-algebra such that L @p A is
a field, then A is a field.) So we reduce to the case M = N and write p in place of p.
Similarly, it suffices to prove the inertness result for the map X (V) — Xo(N, N), viewed
as a morphism of curves over the imaginary quadratic field K.

The closed point p comes from a A-CM elliptic curve E/ g, for which the modulo N
Galois representation pn : g (p) — GL2(Z/NZ) consists of scalar matrices. The elliptic
curve E is well-determined up to a quadratic (since A < —4) twist, and therefore the
modulo N +-Galois representation

pN+ = (GL2(Z/NZ) — GL2(Z/NZ)/{£1}) o pn
is well-defined. By [BC20a, Thm. 4.1] we have K(p) = K(Nf¥), the N-ring class field of K.
The proof of loc. cit. shows that

, _ #(O/NO)*
[K(p) : K(f)] = W,

while [BC20a, Thm 1.4] gives #pn +(9k () = #(O/ziNOV From these two facts it follows
that #pn+(0k(@p) = @ = deg(X(N) — Xo(N, N)), which establishes the result. O

Theorem 1.2 implies that, when A < —4, knowing the degrees and multiplicities of the
A-CM points on Xo(M, N) /Q> Yields the degrees and multiplicities of the A-CM points on
X1(M, N)g: if N <2 the curves are the same, while for N > 3, multiply each degree by

@. The same holds for primitive degrees, with the upshot being that all the information
we referred to above about A-CM closed points on X; (M, N) /@ can be immediately deduce
from the corresponding information about A-CM closed poins on Xo(M, N) /q.

For most of this paper we study A-CM points on the curves Xo(M, V) q. For this family
of curves we can do more: we determine not only the multiplicities and degrees of closed
points in the A-CM locus but actually the residue fields themselves. It turns out that there
are only two classes of such fields. As is standard, we call a field K (Ja) a ring class field
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(here this is understood to be relative to the fixed imaginary quadratic field K). We call
a field isomorphic to Q(Ja) a rational ring class field. The following is a preliminary
version of one of our main results.

Theorem 1.3. Let A = Ak be an imaginary quadratic discriminant with A < —4,
and let P € Xo(M,N) g be a A-CM closed point. Then Q(P) is either a rational ring
class field or a ring class field. Moreover there is N' | N such that Q(P) is isomorphic to
either Q(J(nry2a) or to K(Jnny2a)-

Our work will determine, for each N' | N, whether either, both or neither of Q(J(y+y24) or
K (J(nry2a) actually arise up to isomorphism as such a field Q(P).

Our study of closed CM points on Xo(M, N) comes roughly in four parts.

Step 1: We prove a result (Proposition 3.5) that reduces us to the case Xq(¢¢, Kb)/@ for a
prime number /. This result does not hold for the curves X;(M, N) /@, which gives a clue
that we are on the right track by making the curves Xo(M, N) g our primary focus.

Step 2: We are therefore reduced to considering (in general, pairs of) cyclic isogenies
of prime power degree. This places us in a position to make use of the fact that the /-
powered isogeny graph on K-CM elliptic curves has a very simple structure, that of an
isogeny volcano. This is probably the single most important ingredient in our analysis,
and it is really remarkable the extent to which use of volcanoes reduces difficult prob-
lems in arithmetic geometry to either straightforward enumerative combinatorics or simple
(though sometimes tedious) bookkeeping.®

Steps 1 and 2 yield a complete description of the A-CM locus on Xo(M, N)/g: in this
case (as follows from our discussion up until now, in fact) there is only one primitive
residue field. Just as in the recent paper [BC20b], the greater part of the battle is to
descend from modular curves over K to modular curves over Q. In the present work, this
amounts to an explicit understanding of the action of complex conjugation on the isogeny
volcano.? This comes in two parts.

Step 3: We develop the algebraic number theory of rational ring class fields. Whereas
the ring class fields are always Galois over Q but usually not abelian over QQ, the rational
ring class fields are usually not Galois over Q. A key concept here is that of coreality of
K-CM j-invariants j,j’ € C, which means that the number field Q(j, j') has a real place.
In particular the compositum of two rational ring class fields is sometimes a rational ring
class field and sometimes a ring class field, and we compute all such composita explicitly.

31t seems a bit strange that up until now volcanoes have mainly been used in the study of elliptic curves
over finite fields. I know of only one paper that uses isogeny volcanoes in characteristic zero, a recent one
of Rosen-Shnidman [RS17]. Some of the enumerative work we do with volcanoes is related to their work.

4This is not present in the work of [RS17], whereas the portion of the combinatorial analysis described
in Step 2 above seems to be equivalent to what they did, although recorded somewhat differently.
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Step 4: Using the algebraic work described in Step 3 we solve the graph-theoretic problem
of how the involution of complex conjugation acts on the isogeny volcano. The case of
£ = 2 requires a more intricate analysis than that of £ > 2. To complete the £ = 2 case, we
make use of results of Kwon [Kw99] on cyclic isogenies.

1.5. Contents. We now give a more detailed description of the contents of the paper.

In Section 2 we introduce the algebraic number theory of ring class fields and rational
ring class fields. This is related to the genus theory of binary quadratic forms and to the
notion of a “real lattice” A C C. The most important results here are probably Proposi-
tions 2.2 and 2.10, which will later be used to reduce the computation of the A-CM locus
on Xo(M, N) to the case where M = (% N = (% are both prime powers.

In Section 3 we study isogenies of elliptic curves in characteristic 0. Our initial setup
includes the non-CM case. In §3.4 we recall some structural results on isogenies in the CM
case with a focus on the conductor of the endomorphism rings. In §3.5 we give the result
that reduces us from the study of Xo(M, N) to that of Xo(¢%, ") (Proposition 3.5).

In Section 4 we introduce the ¢-power isogeny graph of complex elliptic curves and ex-
plain its “volcanic” structure. We claim no novelty here: all of these results can be found
in the literature — we especially recommend [Sul3] — but because this material is absolutely
crucial for the rest of the paper we have decided to give an independent exposition.

In Section 5, the theoretical heart of the paper, we explicitly determine the action of
complex conjugation on the isogeny volcano. There is an algebraic preliminary: §5.1
on “coreality,” which studies when the number field Q(j,j’) generated by two K-CM j-
invariants contains K.

Section 6 is a bit of an interregnum, in which we show that the results that we have
developed so far lead to short, transparent proofs of several prior results in the litera-
ture, including Kwon'’s classification of cyclic N-isogenies over Q(j) [Kw99] and Bourdon-
Clark’s classification of cyclic N-isogenies over K (j) [BC20b, Thm. 6.18] (restricted to the
Ak < —4 case).

In §6.5 we analyze the projective N-torsion field of a CM elliptic curve (when A < —4),
strengthening a result of Parish that Bourdon-Clark used to prove Theorem 1.1. We have
already mentioned that for all N > 3, for any K-CM elliptic curve E defined over a
number field F, the N-torsion field F(E[N]) contains K. Theorem 6.10 implies that the
projective N-torsion field F(PE[N]) — i.e., the unique minimal extension of F' over which
the modulo N Galois representation consists entirely of scalar matrices — already contains
K. This is the final ingredient we need in order to analyze the A-CM locus on Xo(M, N) /.

This analysis is performed in Sections 7 through 9. Section 7 performs the graph-theoretic
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enumeration that handles the key case Xo(¢*). In Section 8 we use the Xo(¢*) case and
Theorem 6.10 to handle the X (f“l,éa) case. Finally in Section 9 we compile across prime
powers and treat CM points on Xo(M, N). Although a complete description of the A-CM
locus on Xo(M, N) seems unrewardingly complicated, in every case we explicitly determine
all primitive residue fields and all primitive degrees A-CM points on Xo(M, N). Because of
Theorem 1.2 this yields the corresponding information on X; (M, N), which, as mentioned
above, is exactly what is needed to enumerate torsion subgroups of CM elliptic curves over
number fields of any fixed degree.

In Section 10 we give a complete classification of odd degree CM points on Xo(M, N)
and X (M, N): the latter is an elaboration of work of Bourdon and Pollack [BP17], but it
is interesting that it can be deduced from the Xo(M, N) case.

1.6. The Non-CM Case. Although our main focus of this work and its sequel [CS22b)]
is a complete analysis of isogenies on CM elliptic curves in characteristic 0, occasionally
our work touches upon the non-CM case and gives new results there as well. In particular:

e Proposition 3.2 is a simple but definitive result on the field of moduli of an isogeny
in the non-CM case. Frankly, I am surprised not to have found this result in the literature.
As discussed in §3.3 there is a closely related, but distinct, result of Cremona-Najman
[CN21, Cor. A.5].

e Theorem 5.3 concerns cyclic isogenies on real elliptic curves. It can be viewed as a
computation of the fiber of the morphism of R-schemes Yy(N) — Y (1) over any R-point
P €Y(1) when 44 N and giving some information on this fiber when 4 | N: in particular,
for all NV > 3 this fiber always contains a closed point with residue field C. For our appli-
cations to the CM case this result is overkill: we use it only to give a uniform argument
rather than appealing to our analysis of the isogeny volcano in various cases. However the
material seems interesting: it suggests room for further development of the theory of real
elliptic curves.

e Corollary 6.8 gives — conditionally on the Generalized Riemann Hypothesis — a nec-
essary and sufficient condition on a number field F' in order for the set of positive integers
N such that there is an F-rational cyclic N-isogeny of elliptic curves to be finite: F' must
not contain the Hilbert class field of any imaginary quadratic field.

1.7. Acknowledgments. This work had its genesis in my collaboration with Abbey Bour-
don and a key interaction with Drew Sutherland.

Were it not for my prior collaboration with Abbey Bourdon I would neither have thought
to pursue this work nor have been technically equipped to do so. Insights gained from the
work of [BC20a] and [BC20b] — many of which came directly from Bourdon — have been
put to use here, both directly and otherwise.

At the January 2019 AMS meeting in Baltimore, Drew Sutherland saw Bourdon speak
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on the work of [BC20b] and immediately suggested a volcanic approach to some of our
work. Sutherland’s remark amounts to the material of §6.2 of the present paper. This is
a completely different proof of [BC20a, Thm. 6.18a)] from the one given in [BC20a] and
thus served as an illustration of the merits of the volcanic approach.

I thank Filip Najman for an interesting observation about Xy(2,2N): see Remark 8.1.
I thank Frederick Saia for many helpful discussions, that in particular led to a correction
in the statement of Proposition 3.5. Saia also made the figures in this work, replacing the
decidedly rustic hand-drawn figures I had originally made.

2. ORDERS, CLASS GROUPS, AND RATIONAL RING CLASS FIELDS

2.1. Orders in a number field. For a number field K of degree d, a (Z-)order in K is a
subring O of K that is free of rank d as a Z-module and has fraction field K. The ring of
integers Z is an order in K, and every order O in K is contained in Zx with finite index.
Let Ak be the discriminant K (more precisely, of Zg). If f = [Zx : O] and A is the
discriminant of O (i.e., the discriminant of the trace form on O), then we have A = f2A.

The class group (or Picard group) Pic O of an order is the group of invertible frac-
tional O-ideals modulo principal fractional (O-ideals. This is a finite commutative group
[N, Thm. 1.12.12]; its size is the class number hp of O. There is a canonical finite abelian
extension K (O)/K, the ring class field of O, such that Aut(K(O)/K) is canonically iso-
morphic to PicO [LD15, Thm. 4.2]. We write K (1) for K(Z), the Hilbert class field
of K, and we put hg = [K(1) : K].

An inclusion of orders O C @' C K yields an inclusion of ring class fields K(O’) c K(O).
Galois theory yields a surjection Pic @ — Pic O’; this is also the map induced by the push-
forward I — IO’ on invertible fractional ideals. In particular we have hg | hor | ho.

For an order O in a number field K, we define the conductor ideal

f=(0:Zk)={x€ K |zZk C O},

which is characterized as the largest ideal of Zg that is contained in O. The conductor
of the abelian extension K(f)/K divides f [LD15, Thm. 4.2]. The conductor ideal also
appears in the relative class number formula [N, Thm. 1.12.12]

ho _ #(0/p"
hic g - OT#Zx /D

A nonzero fractional O-ideal a is proper if

(2)

(a:a)={zeK|zaCa}=0.

If a is an invertible fractional ideal then za C a iff z € aa=! = O, so a is a proper O-ideal.

For an order O, every proper fractional O-ideal is invertible iff O is a Gorenstein ring
[JT15, Characterization 4.2], and an order is Gorenstein if it is monogenic over Z, i.e., if
O = Z[a] for some a € O [JT15, Thm. 4.3].
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2.2. Imaginary quadratic orders. Henceforth we suppose that K is an imaginary qua-
dratic field. This vastly simplifies the structure of orders in K:° if [Zf : O] = f then

O:Z—I—fZK,

and it follows that f = fZg. (However f is not principal, nor even invertible, as an
ideal of O0.) Conversely, for any f € Z*, we have that Z + fZy is an order in K with
index f and conductor ideal fZpg. Because of this simple relationship between f and
f in the quadratic case, from now on we will write f for the positive integer [Zx : O].
The discriminant of O is f2Ag, which is a negative integer congruent to 0 or 1 modulo
4. Distinct imaginary quadratic orders have different discriminants. Conversely, if A is a
negative integer congruent to 0 or 1 modulo 4, we put

_A+VA

TA - 5

and then Z[ra] is an order in Q(v/A) of discriminant A. Tt follows that every imaginary
quadratic order O is monogenic, hence Gorenstein: proper fractional O-ideals are invertible.

We denote the class number of the order of discriminant A by ha.

If O is an imaginary quadratic order of discriminant A, we put

6 A=-3
wa =#O0 =4 A=—-4.
2 A< —4

We also put wg = wa,.

2.3. Ring class fields. For an imaginary quadratic field K and § € Z", we denote by
K (f) the ring class field of the unique order in K of conductor f. We have — either as a
consequence of (2) or by [Cx89, Cor. 7.24]) — that

1 f=1

(3) of) = [K(f) : K(1)] = {2f1‘[“ (1 - (ATK> %) f>2

For fixed K, the function 0 is multiplicative in § iff A < —4.

From (3) we deduce the following formulas that will be useful later on.

Corollary 2.1. Let K be an imaginary quadratic field with Ax € {—4,-3}, let f € ZT,
and let £ be a prime.

5Everything that we say in this subsection for imaginary quadratic orders holds verbatim for real qua-
dratic orders, except that the discriminant is positive and the unit group is infinite.
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a) If 2Ax = —3, then

£ =1 (mod 3)
[K(6) : K(f)] = [Q(V=3)(1) : Q(V=3)] ={1  £=3 :
”Tl 2 (mod 3)
b) If ?Ax = —4, then
5L =1 (mod 4)

[K(6) - K(H)] = Q(V-1)(f) : Q(vV-1)] =1 ¢=2 :
Bl (=3 (mod 4)

c) If fPAx < —4, then

(K (6f) : K(P)] = { ¢ E2i) =0
(1 (BAx) =

Proposition 2.2. Suppose A < —4. Let fi,fo € ZT, and put m = ged(f1,f2) and
M = lem(fy,f2). As extensions of K(m), the fields K(f1) and K(f2) are linearly disjoint
and have compositum K (M).

Proof. Step 1: First we suppose that m = 1. For ¢ = 1,2, the conductor of the abelian
extension K (f;)/K divides f;, so the conductor of K(fi) N K(f2) divides both f; and f,
hence it divides m = 1, and it follows that K (fi) N K(f2) = K(1). Since K(f1)/K(1) is
Galois, this implies the linear disjointness.

Certainly we have K (1)K (f2) C K(fif2). Conversely, using the linear disjointness and
the multiplicativity of 0 we get

[K(F) K (f2) : K(1)] = [K(f1) : K][K(f2) : K] =0(f1)d(f2) = 2(f1f2) = [K(F1f2) : K(1)],
so K(f1)K(f2) = K (fif2)-
Step 2: Again, we certainly have K(f1)K(f2) C K(M). Now write f1 = [[i_, £, fo =

1=1"% >

T, &%, so M =T~ ¢mex(@ib) - por all 1 < 4 < r the field K (f1)K (f2) contains both

i=1"% > =11
K (£%) and K (£%) hence also K (ﬁ?ax(ai’bi)). Using Step 1 and an easy induction, we get
K(1)K(2) O K(Erlnax(al,bﬂ) e K(E;nax(arzbr)) = K(M).

Step 3: Since K (f1), K(f2) are Galois over K, they are linearly disjoint over K (f1) N K (f2),
SO

[K(M) : K(f1) N K(f2)] = [K(f1)K(F2) : K(f1) N K (f2)]
= [K(f1) : K(j1) N K(F2)I[K(F2) : K(F1) N K (f2)].
We claim that
[K(M) : K(m)] = [K(f1) : K(m)][K(f2) : K(m)].
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Since K(m) C K(fi) N K(f2), the claim implies that K(m) = K(fi1) N K(f2), which is
sufficient to complete the proof. The claim equivalent to the identity

o(m)o(M) = o(f1)o(f2)

which holds for any multiplicative arithmetic function: using multiplicativity we reduce to
fi = %, f3 = (°, in which case the claim is clear. 0

When Ag € {—4, -3}, we still have the linear disjointness of K (f;) and K (f2) over K(m),
but the compositum K (f1)K (f2) can be a proper subfield of K (M) [CS22b, Prop. 2.1].

2.4. The connection with CM elliptic curves. Let E/c be an elliptic curve. There is
a lattice A in C, unique up to homothety, such that F = C/A, and then we have

End(E) ={a € C|aA C A}

We say that E has complex multiplication if End(E) properly contains Z, in which case
it must be an imaginary quadratic order O [Sil, Cor. II1.9.4]. We say that E has O-CM.
If K is the fraction field of O we also say that F has K-CM.

Let O be an imaginary quadratic order, of discriminant A. Every O-CM elliptic curve
is uniformized by a lattice A C K, i.e., such that A is a fractional O-ideal. The uniformiz-
ing lattice A must moreover be a proper (equivalently, invertible) O-ideal. From this we
deduce a bijection from Pic O to the set of C-isomorphism classes of O-CM elliptic curves:
in particular there are ha O-CM j-invariants. The identity of Pic O corresponds to the
elliptic curve C/O, and we put

ja =j(C/0).
If O is an order in K of conductor f, then we have [Cx89, Thm. 11.1]
(4) K(f) = K(j(E)).

2.5. Reality, part I: real moduli. Complex conjugation acts on lattices in C:
A= A:={z|z€A}.

A lattice A C C is real if A = A.

Lemma 2.3. Let A be a lattice in C. Then we have j(C/A) = j(C/A).

Proof. The j-invariant of a lattice depends only on its homothety class, so we may assume
that A = Z1 @ Z7 for some 7 € H, and then A = Z1 ® Z7 = Z1 ® Z — 7. Since j(1) €
Q(e*™7) C R(e*™7) and e2™(~7) = 27T we have

J(C/N) = §(=7) = j(r) = §(C/A). O
Let a be a proper O-ideal. Then we have [Cx89, Lemma 7.14]
(5) aa = |a|O,

where |a| = #0O/a. It follows that [a] = [a]~! in Pic O(A).
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Lemma 2.4. [BCS17, Lemma 3.2a)] For an elliptic curve Ec, the following are equivalent:
(i) There is an elliptic curve (Eo) /g such that (Eo),c = E.

(ii) We have j(E) € R.

(iii) There is a real lattice A C C such that E = C/A.

An elliptic curve satisfying these equivalent conditions is said to be real.

From this we deduce:

Corollary 2.5. [BCS17, Lemma 3.4] For a proper fractional O-ideal a, the following are
equivalent:

(i) The elliptic curve C/a is real.

(ii) The ideal class [a] is real: [a] = [a].

(i4i) The fractional ideal a* is principal, i.e., [a] € Pic O(A)[2].

These equivalent conditions certainly hold when a is a real ideal. Starting with a real
ideal a and scaling by a@ € K* yields, in general, an ideal that is not real in the same
class. However, by [BCS17, Lemma 3.6] every real ideal class contains an integral ideal
a that is real, proper and primitive: i.e., such that the isogeny C/O(A) — C/a~! is cyclic.

For an order O in a number field K, letting z — Z denote complex conjugation, we have
K(O) = K(0O). Since for an imaginary quadratic order O we have O = O, this shows
that K (f) is stable under complex conjugation, which acts nontrivially as it does so on the
subfield K. Thus Aut(K (f)/K) is a proper subgroup of Aut(K (f)/Q), from which it follows
that K (f)/Q is Galois. By (5) complex conjugation acts on Aut(K (f)/K) as inversion, and
this yields an isomorphism of Aut(K (f)/Q) with the semidirect product Pic O x (c).

Once again we have O = O, and thus ja = j(C/O) € R. This shows that Q(f) C K(f)¢,
and since both are number fields of degree ha, we have Q(f) = K (f)¢. From this we get:

Proposition 2.6. The number of roots j of Ha that lie in Q(f) is #(Pic O)[2].

Corollary 2.7. For an imaginary quadratic discriminant A, the following are equivalent:

(i) The extension Q(f)/Q is Galois.

(ii) The extension Q(f)/Q is totally real.
(iii) Fvery A-CM j-invariant lies in R.
(iv) We have Pic O = (Pic O)[2].

Proof. The only part that does not follow immediately is (iv) = (i). For this: if PicO
is 2-torsion, then Pic O x (c) is actually a direct product, so K(f)/Q is abelian and thus
every subextension is Galois. g

It follows easily from work of Heilbronn that as we range over all imaginary quadratic
orders, the ratio #f%% tends to oo with |Al: see [CGPS, Lemma 2.2] for a more
quantitatively precise version of this. In [Vo07], Voight supplies a list of 101 imaginary
quadratic discriminants A satisfying the equivalent conditions of Corollary 2.7 and shows

that the Generalized Riemann Hypothesis (GRH) implies that this list is complete.
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Lemma 2.8. For an imaginary quadratic discriminant A, let r be the number of distinct
odd prime divisors of A. We define v € N as follows:

r—1, A=1 (mod4) or A=4 (mod 16)
v=<r, A=812 (mod 16) or A=16 (mod 32)
r+1, A=0 (mod 32).
Then we have Pic O(A)[2] = (Z/27)".

Proof. This is essentially due to Gauss and is part of the genus theory of binary quadratic
forms. For a modern treatment see [Cx89, Prop. 3.11] or [HK13, Thm. 5.6.11]. O

A nonzero O-ideal [ is primitive if the additive group of O/I is cyclic. This holds if and
only if there is no N > 2 such that N~!I remains an integral O-ideal.

Theorem 2.9. Let O be an imaginary quadratic order of discriminant A = f2A.
(i) If there is a primitive, proper real O-ideal of index N, then N | A.
(ii) Let N = ¢7'--- 4% . There is a primitive, proper real O-ideal I such that [O : I| = N
if and only if for all 1 < i < r, there is a primitive, proper real O-ideal I; such that
O L] =t}
(iii) Let £ > 2, and let a € ZT. There is a primitive, proper real O-ideal I such that
(O : I] = 0% if and only if a = ordy(A).
(iv) Let £ =2, and let a € Z.
i) Suppose 16 | A. Then there is a primitive, proper real O-ideal I such that
[O : I] =2% if and only if a =2 or a = orda(A) — 2.
i) Suppose 2 | A and 16 1 A. Then there is a primitive, proper real O-ideal I
such that [O : I] = 2% if and only if a = 1.

Proof. This is essentially due to S. Kwon [Kw99]. We have given a somewhat more explicit
treatment following [BC20b, Lemma 5.6]. O

2.6. Rational ring class fields. Let A = Ak be an imaginary quadratic discriminant.
The Hilbert class polynomial Ha(t) € C[t] is the monic polynomial whose roots are the
j-invariants of A-CM elliptic curves. It is known that Ha € Z[t] and that Ha is irreducible
over K [Cx89, §13], so K[t|/(Ha) = K(¥).

The Hilbert class polynomial Ha is in particular irreducible over Q so is the minimal
polynomial of jao. We define the rational ring class field

Q(f) = Q(ja) = Q[t]/(Ha).
(Our notation suppresses K. It might at first seem better to index the rational ring class

field by its discriminant, from which we can recover K. But in practice the Q(f) notation,
which was introduced in [BC20a] and also used in [BC20b], seems more convenient.)

For fixed K, the rational ring class fields form a directed system in f: if f; | fo then
Q(f1) € Q(f2). To see this, let @ and O’ be the orders in K of conductor f; and f,, so
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O’ C O. It follows from [BC20b, §2.6] that the isogeny C/O" — C/O can be defined over
Q(C/0")) = Q(f2). Therefore Q(f2) D Q(j(C/0)) = Q(f).

Next we give analogue of Proposition 2.2 for rational ring class fields.

Proposition 2.10. Suppose Ax < —4. Let f1,fo € Z*, and put m = ged(f1,§2) and
M = lem(fy, f2).

a) The fields Q(f1) and Q(f2) are linearly disjoint over Q(m), and

QM) = Q(f1)Q(f2) = Q(f1) ®g(m) Q(f2)-
b) We have
Q1) ®q) K(F2) = K(M).
c) We have
K(f1) @qp K(F2) = K(M) x K(M).

Proof. a) The Q(m)-algebra E := Q(f1) ®q(m) Q(f2) is étale, hence isomorphic to a product
of field extensions of Q(m). Extending scalars from Q(m) to K(m), we get the K(m)-
algebra K (1) ® g (m) K(f2) [Co2, Thm. 6.22], which by Proposition 2.2 is isomorphic to

the field K (M). It follows that E is a field, which shows that Q(f;) and Q(f2) are linearly
disjoint over Q(m). Thus the subextension Q(f1)Q(f2) of Q(M)/Q(m) has degree

so Q(f1)Q(F2) = Q(M).

b) The Q(m)-bilinear map Q(f1) x K (f2) — K (M) given by (z,y) — zy induces a surjective
homomorphism @ : Q(f1) ®q(m) K (f2) — K (M) of Q(m)-algebras of equal, finite dimension,
so ® is an isomorphism.

c) Using part b), we have

K(f1) = Q(f1) ®gm) K(m), K(f2) = Q(f2) ®q(m) K(m),

K (f1) ®qim) K (F2) = (Qf1) @g(m) K (M) g, (Qf2) ®q() K(m))
= (Q(F1) ®gm) Qf2)) Bg(m) (K (M) @g(m) K (M))
~ QM) @) (K(M) x K(M)) = K(M) x K(M). 0

The analogue of Corollary 2.10 for Ag € {—4, -3} is [CS22b, Prop. 2.2].
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3. ISOGENIES OF ELLIPTIC CURVES

In this section we recall some basic facts and establish some results on isogenies of elliptic
curves in characteristic 0. Some of our results pertain all elliptic curves, and one result
(Proposition 3.2), focus specifically on elliptic curves without complex multiplication.

For an elliptic curve E defined over a field K of characteristic 0 with algebraic closure
K and N € Z*, we identify the finite étale K-group scheme E[N] with the Aut(K/K)-

module F[N](K).

3.1. Basic facts on isogenies. Let F' be a subfield of C. For i = 1,2, let ¢; : E; — E! be
F-rational isogenies of elliptic curves. We say that ¢; and ¢ are isomorphic if there are
F-rational isomorphisms « : By — F3 and 3 : E] — E), such that

t9=LBo1oat
Two isogenies ¢; and tp are isomorphic over the algebraic closure F of F in C if and only
if they are isomorphic over C.

Let v : E — E’ be an F-rational isogeny of degree N. Then its kernel K is an F-rational
finite (necessarily étale, since we are in characteristic zero) subgroup scheme of E of order
N. Let ¢ : E — E/K be the quotient map. Then there is an F-isomorphism 3 : E/K — E’
such that ¢« = o ¢, so ¢ is isomorphic to ¢ over F. Now let ¢; : E — E/ for i = 1,2 — that
is, this time the two source elliptic curves are the same — and for i = 1,2, let K; = Ker;.
If K1 = K9 = K say, then ¢1 and (o are both isomorphic to E — E/K and thus to each
other. Conversely, if ¢; and ¢y are isomorphic then there is « € Aut F and 8 : E] — F)
such that 13 = Bot; oa™ ! If a = &1, then K7 = K. It follows that if Autg(E) = {41}
then isomorphism classes of F-rational isogenies with source elliptic curve E correspond
bijectively to finite F-subgroup schemes of E. When j = 0,1728 and F contains Q(y/—3)
(resp. Q(v/—1)) we get that isomorphism classes of F-rational isogenies with source elliptic
curve E correspond bijectively to Aut(FE)-orbits of finite F-subgroup schemes of E.

3.2. Factorization of isogenies. Let . : E — E’ be an isogeny of complex elliptic curves,
with kernel K. There are positive integers M | N such that
K >7Z/MZ x Z/NZ.

We say that ¢ is cyclic if M = 1.

Let / : E — E” be another isogeny, with kernel K’. Then . factors through ./ — i.e.,
there is an isogeny « : E” — E’ such that « = a o/ — if and only if K/ C K, and if this
holds then Ker o & K/K'. In particular, since E[M] C K, we get a factorization

L = lcyc © [M]a

where teye 1 E — E' is a cyclic %—isogeny.

Let « : E — E’ be a cyclic N-isogeny, and factor N = /1 ---£, into a product of not
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necessarily distinct primes which need not be in nondecreasing order. Put E; = F and
E.11 = E'. We get a unique factorization ¢ = ¢, 0--- 011 with ¢; : E; — E;41 an {;-isogeny.

3.3. The field of moduli of an isogeny. An isogeny ¢ : £ — E’ of complex elliptic
curves has a field of moduli Q(:), characterized by each of the following properties:

e Let H(t) be the subgroup of AutC such that for all ¢ € H(¢), the isogeny ¢ is iso-
morphic over C to (1) : 0(E) — o(E’). Then Q(1) = CH®),

o If £, E' and ¢ are defined over a subfield F' of C, then Q(:) C F, and there is a model of
E, E' and ¢ defined over Q(¢).

e If ¢ is moreover cyclic of degree N, then Q(:) is isomorphic to the residue field of the
induced point on the modular curve Xo(IV).

For any isogeny ¢ : E — E’, let .V : B/ — E be the dual isogeny: the unique isogeny
such that ¥ o = [deg(¢)].

If 11 : E1 — E5 and 1o : Es — Ej3 are isogenies of complex elliptic curves, then

Q2 0t1) C Q(e1)Q(e2).

In general we need not have equality: e.g. if 11 : 1 — FE» is an isogeny such that
Q(t) 2 Q(j(En)), then taking 1o : B2 — Ej to be the dual isogeny, we have Q2 011) =
Q([deg t1]) = Q(j(E1)). However:

Proposition 3.1. Let E, E', Ey, Ey, E3 be complex elliptic curves.
a) For an isogeny v : E — E' with associated cyclic isogeny teye : E — E’, we have

Q1) = Qecye)-
b) Let v : By — E3 is a cyclic isogeny. Suppose . = 13 011 with 11 : By — FEy and
Lo By — E3. Then:
(i) We have Q(¢) 2 Q(e1)Q(e2)-

(i) 1/ j(Es) ¢ 10, 1728}, then Q1) = Q(11)Qe2).
Proof. a) Suppose that Ker:v = Z/M7 x Z/NZ. Then as above we have ¢ = tcyc 0 [M]E,
where teye 1 E — E' is cyclic of degree % Then we have Q(¢)Q(tcyc). Indeed, as above
we have Q(teye) = Q(teye)Q([M]E) 2 Q(¢). Conversely, there is a model of E defined over
Q(¢) and a Q(¢)-subgroup scheme K of E such that F/K =¢ E’. Then the morphism
E/EM] — E/K gives a Q(¢)-rational model of tcye.
b) As above it is clear that Q(¢) 2 Q(¢1)Q(t2). Because Q(t1)Q(t2) 2 Q(i1), there is a
model for ¢; defined over Q(¢1)Q(t2): in particular, this determines Q(¢1)Q(t2)-rational
models E; and Eg of E; and of Ey. Similarly, since Q(¢1)Q(c2) 2 Q(t2), there is a model
for 19 defined over Q(¢1)Q(¢2): in particular this determines Q(¢1)Q(¢2)-rational models £
and & of Fy and of E3. Because (End FEp)* = {£1}, the elliptic curves (E2) g(,,)q(.) and
(€2) /0(:1)0() are quadratic twists of each other. Since quadratic twists do not change the
kernel of an isogeny, Eo — Ey/(Ker(£2 — &3)) is a model of 19 and thus

E1 — E2 — EQ/(KGI“((SQ — 53))



CM ELLIPTIC CURVES: VOLCANOES, REALITY AND APPLICATIONS, PART I 21

is a Q(¢1)Q(tg)-rational model for ¢. O

Remark 3.1.
a) Let K = Q(v/—3). There is a 2-isogeny 1 : By — Fs with E; a —12-CM elliptic
curve, By a —3-CM elliptic curve, and field of moduli Q(¢;) = Q [BP17, Prop.
2.2]. And there is a cyclic 9-isogeny (o : E2 — FE3 with field of moduli Q(z2) = Q
[BC20b, Prop. 5.10b)]. But by [BC20a, Thm. 6.18a)] there is no cyclic 18-isogeny
¢ with source elliptic curve having —12-CM and with Q(¢) € K. Thus

Qe2001) 2 Q=Q(1)Q(t2) and Q(r2 0 t1) # K = K (¢1)K(e2).
The work [CS22b] will provide an explanation, using the fact that K (6) D K (2)K(3).
b) Let K = Q(v/—1). There is a 2-isogeny ¢1 : By — Es with E; a —16-CM elliptic
curve, Fy a —4-CM elliptic curve, and field of moduli Q(¢;) = Q [BP17, Prop.
2.2]. And there is a cyclic 4-isogeny (o : Eo — FE3 with field of moduli Q(z2) = Q
[BC20b, Prop. 5.9]. However, by [BC20b, Remark 5.2] there is no cyclic 8-isogeny
with source elliptic curve having —16-CM and having field of moduli Q. Thus

Q(e20t1) 2 Q= Q(1)Q(e2).
The work [CS22b] will provide an explanation (different from the one of part a)).

If . : E — E' is an isogeny of elliptic curves, then clearly any field of definition for ¢ must
also be a field of definition for F and for E’, and thus we get Q(¢) D Q(j(E),j(E")). It
turns out that in the absence of complex multiplication, this evident lower bound for the
field of moduli is an equality.

Proposition 3.2. Let 1 : E — E’ be an isogeny of elliptic curves defined over the complex
numbers. If E (hence also E') does not have complex multiplication, then we have

Q(v) = Q(i(E), j(E")).
Proof. Let N = degt. Put F:= Q(j(E),j(E")), and choose a model E,p. Let C be the
kernel of . We may view C as an Aut F = {£1}, so automorphisms of F preserve C.
Since E' = E/C we have j(E/C) = j(E') € F.

We must show that for all ¢ € gp, we have o(C) = C. Suppose that we have o(C) # C
for some o € gp, and consider the “transported” isogeny o(¢) : £ — (E/C)°. Because
E is defined over F, we have E? = E, and because j(E/C) € F we have that (E/C)? is
isomorphic to E/C hence also to E’, so after composing o(¢) with such an isomorphism we
get a cyclic N-isogeny ¢ : E — E’ with kernel o(C).

Thus we are in the following situation: we have two complex elliptic curves E, E’ and
two cyclic N-isogenies ¢, : E — E’ with distinct kernels. We claim that this implies that
F has complex multiplication. To see this, consider

E=1op: E—E,

an endomorphism of E of degree N2. Since E does not have CM, we must have ¢ = +[N].
But we have (¥ o = [N] if and only if /¥ = 9" if and only if + = +. Similarly, we have
1Y o1 = —[N] if and only if 1Y o (—2)) = [N] if and only if + = —t). Either way we get
ker: = ker 1, a contradiction. O
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Recently Cremona-Najman showed the following [CN21, Cor. A.5]: if E; and Es are
elliptic curves defined and isogenous over Q, then there are models for F; and Eo over
Qj(Er),j(E2)) and a Q(j(E1), j(E2))-rational isogeny Ey — E,. Compared to Proposition
3.2 their result has a weaker hypothesis — they allow CM — and a weaker conclusion:
they assert the existence of an isogeny Ei — FEs defined over Q(j(E1),j(F2)), whereas
Proposition 3.2 says that every isogeny E; — FEj is defined over Q(j(E1),j(E2)). The
following example shows that the stronger conclusion can fail in the CM case.

Example 3.3. Let A be an imaginary quadratic discriminant, let K = Q(v/A), let O be
the order in K with discriminant A, and let p be a prime number such that p 4 A and p
splits completely in the Hilbert class field of K (the set of such primes has density ﬁ S0
is infinite). The hypotheses ensure that there is an element 1 € O such that pO = (7)(7)
with (7) # (7). Let E)c be any O-CM elliptic curve. Let v be multiplication by 7, viewed
as an isogeny from E to E. Its kernel is E[(7)]. Complex conjugation takes E[(m)] to the
distinct order p subgroup scheme E[(T)]. It follows that

Q) = K(j(E)) 2 Q((E)) = Q((E), j(E")).
Here E and E/E[(m)] are isomorphic, so there is no contradiction to [CN21, Cor. A.5].

In Lemma 6.1 we will see that if « : E — E’ is an isogeny between K-CM elliptic curves
with Ag < —4, then Q(¢) is Q(j(E),j(E")) or K(j(E),j(E’)). In contrast, Remark 3.1a)
exhibits a cyclic 18-isogeny ¢ : E — E’ such that E has CM by the imaginary quadratic
order of discriminant —12 such that Q(j(E),j(E’)) = Q but ¢ cannot be defined over K.
A much larger class of examples of isogenies ¢ : £ — E’ of K-CM elliptic curves with
Ak € {=3,—4} such that Q(¢) € K(j(E),j(E")) will be given in [CS22b, Cor. 8.5].

3.4. Proper and pleasant isogenies. All of the results of this section are recalled from
[BC20b, §2.6]: the only novelty here is the introduction of the adjective “pleasant.”

We call an isogeny ¢ : E — E’ of K-CM elliptic curves a proper isogeny if End(F) =
End(E’). For every proper isogeny there is a unique proper O-ideal a such that ¢ is
isomorphic over C to ¢ : E — E/E[a]. Conversely, for every proper O-ideal a we have
End(E/E[a]) = E, so q: E — E/[a] is a proper isogeny, of degree |a| :== #0O/a. Moreover,
for a proper isogeny ¢ : E — E’ its field of moduli is Q(j(E)) if the corresponding ideal a
is real — @ = a — and is K(j(E)) otherwise.

Let § | §, and let O (resp. O’) be the order in K of conductor f (vesp. ). If E/ is
an O-CM elliptic curve, then there is an ©’-CM elliptic curve F /c and an isogeny

Ly g/ E— E

that is universal for isogenies from E to an O’-CM elliptic curve E;(C. Moreover 5 is
cyclic of order J and the field of moduli of 4 is Q(f).



CM ELLIPTIC CURVES: VOLCANOES, REALITY AND APPLICATIONS, PART I 23

Lemma 3.4. Let A be an imaginary quadratic discriminant, and let E,c be a A-CM
elliptic curve such that j(E) € R. Let + : E — E' be a proper isogeny, with associated
proper O-ideal a. The following are equivalent:

(i) We have j(E') € R.

(ii) We have [a] € (Pic O)[2].

Proof. By [BCS17, Lemma 3.6] there is a proper, real O-ideal I such that F = C/I, and
then the isogeny £ — E’ is isomorphic to C/I — C/a~'I. By Lemma 2.3, we have
§(E") € R if and only if j(C/a='I) = j(C/a~1I) = j(C/a~*I). This holds if and only if
[a~11] = [a~!1] € Pic O if and only if [a] = [a] € PicO. Since aa = N(a)O, we also have
[a] = [a] 7! € Pic O, hence these conditions hold if and only if [a] € (Pic O)[2]. O

We say an isogeny ¢ : E — E” of K-CM elliptic curves over C is pleasant if the conductor
f' of End(E") divides the conductor f of End(FE). Thus ¢ factors as ¢ ot for a proper

isogeny ¢ : E — E’ that corresponds to a proper @’-ideal a. It follows that

) Q(f) aisreal
QW = {K(f) otherwise

A factor isogeny of a proper isogeny need not be proper, and similarly for pleasant isogenies.
On the other hand, for a prime degree isogeny ¢ : E — E’, exactly one of the following
holds: ¢ and ¢V are both proper and pleasant; ¢ is pleasant but not proper and ¢" is neither
proper nor pleasant; ¢V is pleasant but not proper and ¢ is neither proper nor pleasant.

3.5. Reduction to the prime power case. Let ¢ : E — E’ be a cyclic N-isogeny of
elliptic curves defined over a subfield F' C C, so ¢ is equivalent to E — E/C, for C C E(F)
a gp-stable cyclic subgroup of order N. If N = ({* .- (% for primes ¢; < ... < {, and
positive integers a; < ... < a,, then C = @;_, C;, where C; is the unique subgroup of
order E;“ The uniqueness guarantees that C; is gp-stable, hence ¢; := E — E/Cj; is an
F-rational cyclic ¢;’-isogeny. Conversely, given for each 1 < ¢ < r an F-rational cyclic
(}i-isogeny ¢; : E — Fj, then taking C; = Ker ¢;, the map E — E/(C1,...,C,) is an F-
rational cyclic £;"-isogeny. (Throughout we could have replaced prime powers by pairwise
coprime positive integers n1, ..., n,, but no generality is gained by doing so.)

We now consider a subtly different setup: suppose that for 1 < i < r we are given a
cyclic £;-isogeny of complex elliptic curves ¢; : E — Ej;, each with field of moduli con-
tained in a subfield FF C C. As above, let C; = Kerg; and put ¢ : E — E/(C,...,C,).
Is the field of moduli of ¢ contained in F'? It turns out that this is always the case
when j(E) ¢ {0,1728}. Indeed, if F" is a subfield of C and E¢ is an elliptic curve with
J(E) € F\{0,1728}, then Aut E = {%1}, so for any two F-rational models of E and
any N € Z™, the two modulo N Galois representations differ by a quadratic character,
and thus whether a finite subgroup of E[N](F) is gr-stable is independent of the chosen
F-rational model. This shows that for any F-rational model of E and 1 < ¢ < r, there is
a gp-stable finite subgroup C; of E(F) of order £, and thus E — E/(Cy,...,C,) is an
F-rational cyclic ¢} - - - £%7-isogeny.
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However: by [BC20a, Thm. 6.18¢)], there are elliptic curves (E1) q,=3) and (E2) jq(,/=3)
such that j(E1) = j(E2) = 0, the curve F; admits a Q(v/—3)-rational 2-isogeny and the
curve Ey admits a Q(y/—3)-rational cyclic 9-isogeny, but there is no elliptic curve F 1Q(v/=3)
that admits a Q(v/—3)-rational cyclic 18-isogeny. By [BC20b, Cor. 5.11b)] the same holds
with the ground field Q(1/—3) replaced by Q throughout the assertions of the previous sen-
tence. These additional complications are one of the main reasons why the Ay € {—4, —3}
cases are deferred to [CS22b]. In contrast, the following scheme-theoretic result ensures
that primary decomposition of isogenies is much more straightforward when A < —4.

Proposition 3.5. Let K be a field of characteristic 0, and let p € X(1),x be a closed
point on the j-line with p ¢ {0,1728,00}. Let Ny,...,N, € ZT be pairwise coprime, and
for 1 <i<r let M; € Z" be such that M; | N;. Put

N = f[N17 M = ﬁMl
=1 =1

For1<i<rw,let m: Xo(M;, N;) — X(1) be the natural map of K-schemes, let F; be the
fiber of m; over p, and let F' be the fiber of the K-morphism m : Xo(M,N) — X (1) over p.
Then F is the fiber product of F,...,F, over Spec K(p).

Proof. Tt is no loss of generality to assume that K = K(p), so that p is a K-rational point
on X(1),x. We will do so. For all N € Z" the K-morphism X(N) — X(1) is unramified
at p, so any morphism of intermediate modular curves is also unramified in every fiber over
p. Thus F' = Spec A, where A is a finite étale K-algebra (a finite product of number fields,
each containing K) and similarly for 1 < i < r we have F; = Spec 4;, where A; is a finite
étale K-algebra, and we wish to show that the natural map

DA Q... A, = A

is a K-algebra isomorphism. Let K be an algebraic closure of K, and let g := Aut(K/K).
Then we get a continuous morphism of finite g-sets

2" : F(K) - [ £(E).
=1

and by the Main Theorem of “Grothendieck’s Galois Theory” [Sz, Thm. 1.5.4], it is enough
to show that ®" is a bijection. For any subgroup {+1} C I' C GLy(Z/NZ) we use the
following description of the X (I')(K): its points are equivalence classes of pairs (E,7)

where E 7 is an elliptic curve and v : E[N](K) — Z/NZ ® Z/NZ is an isomorphism of

Z-modules; two such pairs (F,v) and (F’,+') are equivalent if there is an isomorphism
a: E — E’ such that the composite isomorphism

—1 /
Z/NZ&Z/NZ - E[N] 3 E'|[N] 5 Z/NZ & Z/NZ

lies in the subgroup I' of GL2(Z/NZ).
We now apply this description with I' equal to one of the subgroups Hy(M;, N;) (cf. §1.1)



CM ELLIPTIC CURVES: VOLCANOES, REALITY AND APPLICATIONS, PART I 25

or to Hyo(M, N). The first thing to observe is that we may view all of these groups as sub-
groups of GLa(Z/NZ)/{+£1} via pulling back using the homomorphism GLo(Z/NZ)/+1 —
GL2(Z/N;Z)/{£1} and then we have
(6) Hy(M,N) = (] Ho(M;, ;).

i=1

So let (Py,...,P) € [[;_; Fi(K). Thus for all 1 < ¢ < r, P; is represented by a pair
(E;,7;) where E; is an elliptic curve defined over K with j-invariant p and v; : E;[N;] =
Z/N;Z & Z/N;Z. All these elliptic curves have j-invariant p, so if E fie is a fixed elliptic
curve with j-invariant p, then for all 1 < i < r, by choosing an isomorphism «; : £ — FE;
we get a pair (E,~; o ;) that induces the same element of F;(K) as (E;, ;).

Now we have E[N| = @;_, E[N;] and Z/NZ & Z/NZ = @;_,(Z/N;Z & Z/N;Z), so we
get an isomorphism

y=(now,...,woa): E[N| - Z/NZ & Z/NZ.
Thus (E,v) induces a point P of F(K) such that m;(P) = P; for all 1 <1 < 7. It follows

from (6) that if P’ € F(K) is such that m;(P") = P; for all 1 <i <r, then P/ = P. O

4. ISOGENY VOLCANOES

4.1. The isogeny graph Gg ;. Let K be an imaginary quadratic field, and let £ be a
prime number. We define a directed multigraph Gx ¢ as follows: the vertex set V of Gx ¢ is
the set of j-invariants j € C of K-CM elliptic curves, i.e., j-invariants of complex elliptic
curves with endomorphism ring an order in the imaginary quadratic field K. In general,
for j € V we denote by E; a complex elliptic curve with j-invariant j. The edges are
obtained as follows: let 71 : Xo(¢) — X (1) be the natural map, let wy € Aut(Xo(N)) be
the Atkin-Lehner involution, and let g : Xo(¢) :== w1 owy. For j,j’ € V, write

(m2)umi([1]) = Y eplP).
P

Then the number of directed edges from j to j’ is e;r.

Here are two more characterizations of the multiplicity:
o Let ®/(X,Y) € Z[X,Y] be the /th modular polynomial. Then e;: is the multiplicity to
which j’ occurs as a root of the univariate polynomial ®4(j,Y").
e Let E/c be any elliptic curve with j-invariant j. Then the number of edges from j to j'
is the number of cyclic order ¢ subgroups C' of E such that j(E/C) = j'.

Each j € V has outward degree ¢ + 1. When j # 0, 1728, the map 7 is unramified over
J, and we may identify the edges emanating from the vertex j with isomorphism classes of
(-isogenies with target elliptic curve E; and thus also with order ¢ subgroups of E;. There
is at least one directed edge from j to j" if and only if there is an (-isogeny ¢ : Ej — Ejr.
The dual isogeny ¢¥ : E;y — E; then shows that there is at least one directed edge from
j' to j. When 7,5 ¢ {0,1728}, taking the dual isogeny gives a bijection from the set
of directed edges j — j’ to the set of directed edges 7/ — 7, so one may safely neglect
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orientations of such edges. This need not be the case if j, ;' € {0,1728}.

Let ¢ : E — E’ be an f-isogeny of K-CM elliptic curves. We put O := End(F) and
O’ := End(F’). Thus O and O’ are each orders in K. Let § (resp. f') be the conductor of
O (resp. of O'). Then by e.g. [BC20b, §5.5] we have

f _
(7) e lLet '}.
Lemma 4.1. Let O be an order in an imaginary quadratic field K of conductor divisible
by a prime £. Then no O-CM elliptic curve E;c admits a proper £-isogeny. Equivalently,
there is no proper O-ideal of norm £.

Proof. FIRST PROOF: Let p be an ideal of norm ¢, i.e., #0O/p = £. Then p is maximal and
contains ¢, so (p,f) C (p,f) =p. By [Col, Thm. 6.1], this means that p is not invertible,
and thus by [Col, Thm. 3.4] we have that p is not proper.

SECOND PROOF: Following [Col, Example 3.15] we will show there is a unique ideal of O
of norm /¢ and explicitly construct it. Then we will find an explicit element of (p : p) \ O
and thereby show that p is not proper. Write

Ok =72 -197Z- 1.

Put 7 := f1g, so
O0=Z-19Z-T.

Let
p =07+ fOk.
Then as a Z-module we have
p=UfT)g=Z -LDL-T,

so [O : p] = ¢. Since p C p and 7p C p, p is an ideal of O. Since it has norm ¢, it is
maximal. We claim that it is the unique ideal of norm ¢: if q is an ideal of O of norm /,
then £ =1-[O : q] € q. Since ¢ | f we have

p? = ((Z + j0K)? = PZ + 1Ok + 2O = 1?7 + 1Ok C 1O C .

Since p is prime this gives p C g; we have an inclusion of nonzero prime ideals in a one-
dimensional domain, so p = q.

Now we claim that 7 € (p : p), hence (p : p) 2 O and p is not proper. Let a,b € Z be
such that 7}2( = a + brg. Then we have
P?a_ P af®  0f

T T
Zﬂ—TGp, z’]——zTK—?(a—i—bTK)—7+ZT€Z€+ZT—‘J D

It follows from (7) that if ¢ : E — E’ is a cyclic -power isogeny of K-CM elliptic curves,
f is the conductor of End(F) and { is the conductor of End(E’), then fi, € (. Thus the

prime to ¢ part of the conductor is constant on each connected component of the graph
GK 1,4y, SO we may as well fix fo, a positive integer prime to £ and let G o5, be the induced
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subgraph consisting of all vertices with prime to ¢ conductor fg.

The level L of a vertex j € Gy is ord,(f), where § is the conductor of End(E;). The
surface of Gx 5, is the induced subgraph consisting of all vertices at level 0. Lemma 4.1
tells us that horizontal edges can only occur at the surface of G g 5,.

4.2. Volcanoes. Fix a prime number ¢. An ¢-volcano V is a directed graph — possibly
with loops and/or multiple edges — with a partitioning of its vertex set into levels {V;}icr
and a partitioning of its edge set into three subsets, called horizontal, ascending and
descending. Here [ is a nonempty downward closed subset of the natural numbers N,
and thus it is either N or {0,1,...,d} for some d € N. The depth of V is the largest d
such that V; is nonempty if such a d exists and co otherwise. If V' has finite depth d, we
we call the level V; the floor. We require the following additional properties:

(0) For every edge e : v+ w there is a canonical inverse edge € : w + 0.9

(i) The subgraph Vjp, called the surface is a regular graph of degree s(V') € {0,1,2}. An
edge is horizontal if and only if it connects two vertices in Vj.

(ii) The ascending edges are precisely as follows: for all positive ¢ € I and each vertex z in
Vi there is a unique y € V;_; and an ascending edge e : x +— v. The descending edges are
precisely the inverses of the ascending edges.

(iii) Every vertex in the floor (if any) has degree 1.7 Every other vertex x has degree £+ 1.
Thus if  has level i > 1 then it is connected to one vertex in level ¢ — 1 and ¢ distinct
vertices in level ¢ + 1. If x has level 0 then it has s(V') horizontal undirected edges and
¢+ 1 — s(V) descending edges emanating from z to distinct vertices in Vj.

For a fixed surface vertex vg, the induced subgraph on the set of vertices that can by
repeatedly descending from vg has the structure of a rooted tree with vy as the root.

For the rest of this paper we will only consider the isogeny graph G ¢5, when ng K < —4,
and we claim that in these cases Gk ¢5, is an isogeny volcano of infinite depth for which

each vertex at the surface has degree 1 + (ATK) 8 In this regard, we have already shown

(0). As for (i), the surface edges emanating outward from a surface vertex correspond to
proper O-ideals of norm ¢. Since ¢ 1 fo, every O-ideal of norm ¢ is proper [Col, Thm. 3.1]
and the pushforward map a — aZp is a norm-preserving bijection from (O-ideals of norm
¢ to Zk-ideals of norm ¢ [Col, Thm. 3.8]. Thus we reduce to the fo = 1 case, in which we
certainly have 2, 1 or 0 ideals of norm ¢ according to whether £ is split, ramified or inert
in K. Let us look more carefully at the three cases:

6Thus by identifying e and € we get an undirected graph, from which V' can be recovered, so this is an
equivalent perspective. When we speak of the degree of a vertex, we mean of the underlying undirected
graph, and we take the convention that an edge from = to x contributes one to the degree.

"This follows from the above properties, but is worth stating explicitly.

8The converse is also true: if f2Ax € {—3,—4} then Gk ¢, is not an f-volcano. The structure of the
graph is still known, and it will be recalled in [CS22b)].
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Inert Case: If (ATK> = —1, then in the order O of conductor fy we have no ideals
of order ¢ hence no surface vertices.

Ramified Case: If (ATK) = 0, then in the order O of conductor fy we have a unique

prime ideal p that is proper and of norm £. If p is principal then every surface vertex has
a unique, self-inverse loop. Otherwise, since p? = (£) we have that [p] has order 2 in Pic O,
and the set of surface vertices is partitioned into pairs v1, v9, such that if v; corresponds to
E then vy corresponds to E/Ep], and each of these surface edges is self-inverse. Because
the ideal p is real, the field of moduli of E — E/E[p] is Q(fo)-

Split Case: If (ATK) = 1, then in the order O of conductor fy we have (¢) = pp for

distinct prime ideals p, p of norm ¢. Let r be the order of [p] in Pic 0. If r = 1 then every
surface vertex has two distinct, mutually inverse loops corresponding to p and p. If r = 2
— equivalently, if [p] = [p] then set of surface vertices is partitioned into pairs vy, ve such
that if v; corresponds to E then vy corresponds to E/E[p] = E/E[p] = E’, say, and there
are two edges p, p running from vy to ve. The inverses of these edges correspond to the
isogenies ' — FE'/[p] and E' — E'/FE’[p] respectively. If r > 3 then the set of surface
vertices is naturally partitioned into r-cycles. Finally, as a special case of the results on
proper isogenies of the previous section, because the ideal p is not real, the field of moduli
of E — E/EIp] is K(fo)-

Now let L > 1, and let v € V(G rj,) be a vertex at level L, let f = ¢4y, A = PAg,

and let E be the corresponding A-CM elliptic curve. From §3.3 we get that the unique

(up to equivalence) ¢-isogeny from E to an elliptic curve with conductor % is L1 which
i

has field of moduli Q(j(F)). This shows in particular the exsistence and uniqueness of
ascending edges emanating from a non-surface vertex, and clearly the descending edges are
the inverses of the ascending edges. This shows (ii).

In our setup we have no floor, and we saw in §4.1 that every vertex in Gg s, has out-
ward degree £ + 1. The rest of (iii) amounts to the claim that the only multiple edges and
loops in G, lie in the surface. That there are no loops below the surface follows from

Lemma 4.1. Consider first a surface vertex vg. By Corollary 2.1¢), the number of vertices

at level 1 is equal to £ — <A7K> times the number of vertices on the surface, which is also

equal to the total number of edges descending from the surface. So if two distinct downard
edges emanating from vy had the same terminal vertex v1, then some other vertex on level
1 would not be connected to any surface vertex, contrary to what we already know. Now
let L > 1 and consider a vertex vy, at level L. Then Corollary 2.1c) shows that the number
of vertices at level L + 1 is £ times the number of vertices at level ¢, which is also equal to
the total number of edges descending from level L, so again no two edges emanating from
vy, can have the same terminal vertex. This completes our proof that when f(Q)A K <-4
the isogeny graph G 5, is an f-volcano.
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4.3. Paths and (“-isogenies. A path in a directed graph consists of a finite sequence of
directed edges eq,...,en such that for all 1 < i < N — 1 the terminal vertex of e; is the
initial vertex of e;+1. In a directed graph in which each edge has a canonical inverse edge,
a path has backtracking if for some i we have that e; 1 is the inverse edge of e;. This is
the case for Gg 45, in the case f2Ak < —4 that we consider in this paper.

The notion of a backtracking path becomes a bit more subtle in the presence of loops or
multiple edges. In the ramified case, for a path that includes surface edges vy A wo B w,
we have ey = 61_1 and thus have backtracking (whether vy = wp or not). In the split case,
a backtracking involving surface edges comes from traversing an edge corresponding to a
prime ideal p followed by an edge corresponding to its conjugate ideal p. Thus in the split
case, for a nonbacktracking path ending with a surface edge, exactly one of the two edges
can be appended to retain a nonbacktracking path.

Lemma 4.2. Let A = f2A i < —4 be an imaginary quadratic discriminant, and let (Eo)/c
be a A-CM elliptic curve. There is a bijective correspondence from the set of cyclic £*
1sogenies p : Ey — E, modulo isomorphism on the target and length a nonbacktracking
paths in the isogeny graph Gr ¢ 5, with initial vertex j(Eo).

Proof. Let ¢ : Ey — E, be a cyclic £*-isogeny of elliptic curves, each with K-CM and prime-
to-f-conductor fp. As in §3.2, the isogeny ¢ factors uniquely into a length a sequence of
(-isogenies ¢; : E; — Ejy1, and in this way we get a path of length a in G ;. A
backtracking in Gx ¢ 5, corresponds to performing an /-isogeny ¢ followed by its dual isogeny
¢V and thus ¢ would factor through [¢] and fail to be cyclic.

Conversely, a path of length a in Gk /5, yields a sequence of cyclic f-isogenies {¢; :
E; — Ei+1};-’:_01 and then ¢ = @41 0...¢g is an £*-isogeny. It remains to see that the
lack of backtracking implies that ¢ is cyclic. This comes down to: for 1 < A < a, if
© = pa_10...00: Ey = E4 is a cyclic k-isogeny and ¢ : E4 — E’ is an f-isogeny,
then if Ker ) # Ker Y _; then 1o is a cyclic ¢4+ isogeny. Via uniformizing lattices this
translates to the following claim: let

ApCAcC...cAycCC

be lattices with [A;j+1 : A;] = £ for all 4 and A4/Ag cyclic of order ¢A. Then of the ¢+ 1
lattices A’ C C that contain A with index ¢, there is exactly one such that A’/Ag is not
cyclic, namely %A A—1- Indeed, by the structure theory of finitely generated Z-modules
there is a Z-basis eq, es for A4 such that €1,€A€2 is a Z-basis for Ay and thus eq, fes is a
Z-basis for A4_1. The {-torsion subgroup of (Ag ® Q)/A is generated by %el and (4~ ley,
so a subgroup of (Ag®Q)/Ag that contains Ay /A has full ¢-torsion if and only if it contains
%61. But %A A_1 i the unique lattice containing A4 with index ¢ and containing %61. O

Lemma 4.2 allows us to enumerate and then study cyclic prime power isogenies of CM
elliptic curves in terms of nonbacktracking finite paths in Gk ¢5,. The key to this enumer-
ation is that nonbacktracking paths in Gg ¢, have a restricted form: every such path P
uniquely decomposes as a concatenation P3 o P, o P; of three paths, though some of them
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may have length 0. Namely, P; consists entirely of ascending edges, P> consists entirely of
horizontal edges and P3 consists entirely of descending edges. To see this we observe that
an equivalent statement is that a surface edge can only be followed by another surface edge
or descending edge, while a descending edge can only be followed by a descending edge.
The former statement is clear — as we are at the surface, we cannot ascend — and once
we have descended, we are not at the surface so have no horizontal edges and a descent
followed by an ascent is a backtrack.

4.4. Reality, part II: coreality. In this section we will determine the isomorphism class
of the number field generated by the j-invariants of two elliptic curves with CM by the
same imaginary quadratic field K, assuming that Ax < —4.

Let j,j' € C be K-CM j-invariants, of discriminants A, A’ and conductors f, f'.
We say j,j' are coreal if the number field Q(j, j') admits a real embedding.

Suppose first that there is a prime number ¢ and integers a > o’ > 1 such that f = £%,
= ¢%". In this case we claim that j, j’ are coreal if for any field embedding ¢ : Q(j,7") — C,
we have ((j) € R = «(j') € R. The latter condition is clearly sufficient for coreality:
indeed, there is an embedding ¢ : Q(j) — R C C, so our assumption gives

(Q(3,57) = Q). (4")) C R.

Conversely, suppose that Q(7, ;') admits a real embedding, and let ¢ : Q(4,j) < C be such
that «(j) € R. Then «(j) € K(ja)¢ = Q(f). Since ¢’ < a we have Q(:(j')) € K(f) and
Q(¢(4),e(y") = K(f) if and only if ¢(j') ¢ R. Since j, ;" are coreal we have Q(c(j),¢(j")) =
Q(4,4") admits a real embedding, so it cannot contain K and thus ¢(j) € R.

In the above setup, to determine the coreality of j,j’ we may reduce via simultaneous
Galois conjugacy to the case j = ja, and then the set of A’-CM j-invariants j’ such that
J,j' are coreal are precisely the real roots of the Hilbert class polynomial Ha/(t), of which
there are precisely ho(A') == #Pic O(A)[2]. If j,j' are coreal we have Q(j,5") = Q(f),
while if j, j' are not coreal, we have Q(j,7) = K ().

Everything done above goes through verbatim in the somewhat more general case that §' | f:
namely 7, j" are coreal if and only if for all ¢ : Q(j,j’) < C we have (j) e R = 1(j') € R,
so we may Galois conjguate to the case j = ja, and then Q(4, ") = Q(J) if j,j" are coreal
and Q(j, ') = K(f) otherwise. This includes the case in which f = 1 and in particular the
case in which f =§ = 1.

We remark that if f 4 f it can happen that j,j" are coreal, j € R and j* ¢ R. For in-

stance, suppose that K = Q(v/—7) and f = 1, so 5 € Q. Then Q(4,5') = Q) = Q(f)
has a real embedding, so j,j" are coreal, but for all sufficiently large § there are non-real
()2Ax-CM j-invariants.
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We now return to the general case: we have j = j(F), j/ = j(F’'), where E (resp. E') is a
A-CM elliptic curve (resp. A’-CM elliptic curve) for A = f2Ag (resp. A’ = (f')2Ak). We
put M = lem(f,{).

There is a canonical Q(j)-rational isogeny from E to a Ag-CM elliptic curve Ey and we
put jo := j(Ep); similarly we define j}, = j(E{). If jo,j{ are coreal then Q(jo,7j}) = Q(1),
while if jo,j{ are not coreal then Q(jo,j;) = K (1), the Hilbert class field of K. Since
Q(Jjo,734) € Q(4,4"), if jo, jy are not coreal then Q(j,j’) contains K and then it is easy to
see that Q(j,j") = K(M).

From now on we assume that jo, j{, are coreal and thus Q(jo) = Q(j)) = Fo, say. We
treat this case by a primary decomposition argument. Write

f=e0 o f = 0%y a; € N, Ay == max(a;,d}) € ZT.
For all 1 <4 < r, there is a canonical Q(j)-rational isogeny from E to a (A; = E?aiAK)—CM
elliptic curve Ej;, and we put j; = j(E;), and in a similar way we define E} and j; = j(E!).
If we Galois conjugate j to ja then each j; gets Galois conjugated to ja,, so it follows from

Proposition 2.10 that Q(j) = Q(j1,-..,Jr), and similarly we have Q(j') = Q(j1,...,J.)-
Put M = lem(f,§’). If for some 1 < ¢ < r we have that jj;, j/ are not coreal, then

Q. j) = K(M) = K(¢" -+ £2).

Otherwise we have that j;, j/ are coreal for all 1 < i < r, so for each 1 < ¢ < r, we have
F; .= Q(i,j!) D Q(jo). It follows from Proposition 2.10 and an easy inductive argument
that

QU.j)=F - F,=F®p QR - Qg F, = Q(M).
In particular, we get:
Theorem 4.3. Let K be an imaginary quadratic field with Ag < —4, and let 7,7 be
K-CM j-invariants, of conductors f,§f’, and put M = lem(f, ).
a) If 3,7 are coreal, then Q(j,5") = Q(M).
b) If j,j" are not coreal, then Q(j,5") = K(M).

Proof. We saw above that Q(j, ') is either isomorphic to Q(M) or equal to K (M). Since
Q(M) has a real embedding and K (M) does not, the result follows. O

The following is an immediate consequence.

Corollary 4.4. Let K be an imaginary quadratic field with A < —A4.

a) The compositum of finitely many ring class fields of K is a ring class field of K.
b) The compositum of finitely many rational ring class fields of K is either a rational
ring class field of K or a ring class field of K.

5. AcTIiON OF COMPLEX CONJUGATION ON Gg 5,

Fix K and fo. Let ¢ be a prime number. In this section and the next we will define and then
explicitly determine an action of complex conjugation — that is, of the group gr = {1, ¢}
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—on Gg g, by graph automorphisms.” This action is one of the key points of the entire
work: it gives us the leverage we need to analyze isogenies of CM elliptic curves over Q(5)
and not just over K (j).

We begin with the observation that in all cases there is a natural transitive action of
Aut(C) on the vertex set of Gx ¢j,: it is indeed just the action of Aut(C) on C restricted
to the subset of elliptic curves with £25§2A -CM. This action factors through an action of
go = Aut(Q). We pause to observe that this action preserves the level and for all L € Z=°
acts transitively on the set of vertices at level L.

If vertices v,w € Gk 45, correspond to elliptic curves E, and E,, over C, then there is
an edge from v to w if and only if there is a cyclic order ¢-subgroup C' of E, such that
E,/C = E,. Then for any o € Aut(C) we have o(E,)/c(C) = o(FE,), showing there is
an edge from o(v) to o(w). More precsiely o gives a bijection from the subset of order ¢
subgroups C' of E, such that E,/C = E, to the subset of order ¢ subgroups C of Eg,,)
such that EU(U)/C = Eo(w)~

What we have done so far defines an action of Aut C on Gg ¢, precisely in the absence of
multiple directed edges running between the same pair of vertices. In these cases we need
to say more, because the isogeny graph takes into account only the number of edges from v
to w: we have a bijection from the set of edges from v to w to the set of order £ subgroups
C of E, such that E,/C = E,, but not (yet) a canonical bijection.

Under our assumption that f%AK < —4, the only possible multiple edges are multiple

surface edges. Such edges exist precisely when we are in the split case — (ATK) =1—and

the two prime ideals p and p of the order of O of conductor fy lying over £ are principal, in
which case we have two surface loops at each surface vertex v. In this case, for o € Aut(C)
we decree that o fixes each of the two surface loops if and only if it acts trivially on K.
To justify our definition, let F' be a field with Q(j(E,)) € F' C C and let E/p be any
elliptic curve with j-invariant j(F,). The two surface loops are realized by the subgroup
schemes E[p] and E[p] (in some order!), and for any ideal I of O and o € g, we have

o: E[Il — Elo(])].

Remark 5.1. Let v € Gg 5, and let j, be the corresponding point on X (1)(Q). Since
f%A Kk < 4, the set of edges e with initial vertex v is in gg-equivariant bijection with the
fiber of X((¢) — X (1) over the geometric point j,.

Now let ¢ be the image of complex conjugation in gg. We call a vertex or an edge of G ¢,
real if it is fixed by complex conjuation and complex otherwise. Complex vertices and
edges occur in conjugate pairs.

9There are in fact two cases — (f2A, ) € {(—4,2), (—3,3)} — in which we cannot define this action on
the graph Gk ¢, but only on a certain double cover.



CM ELLIPTIC CURVES: VOLCANOES, REALITY AND APPLICATIONS, PART I 33

We begin with some simple but useful observations concerning this definition:

e Complex conjugation maps ascending edges to ascending edges, horizontal edges to hor-
izontal edges, and descending edges to descending edges.

e An edge e € Gk, determines a point P, € Xo(¢)(C). Like any curve defined over
Q, Xo(¢) has a canonical R-model, which determines an action of complex conjugation
on Xo(¢)(C). Under this action we have c¢(P.) = Py(), a special case of Remark 5.1. In
particular, e is real if and only if P. € Xo(¢)(R).

e An edge is real if and only if its inverse edge is real.

e If an edge ¢ : v — w is real, then both v and w are real. The converse also holds
except for surface edges in the split case: as explained above, these edges are complex, but
they exist for every surface vertex. In the split case, let v be a real surface vertex, and let
E, be the corresponding complex elliptic curve. Let p and p be the two primes of O lying
over {. Then ¢(E/E[p]) = c(E)/c(Ep]) = E/E[p]. We have E/E[p] =¢ E/[p] if and only
if [p] = [p] in Pic O. Since pp = (¢) this holds if and only if p € (Pic O)[2].

e For vertices v and w in Gk g5,, there is a unique edge e from v to w if and only if
there is a unique edge c(e) from ¢(v) to ¢(w). When this occurs, knowing ¢(v) and c(w)
determines c(e). In particular, in this case the converse of the above observation holds:
e: v w is real if and only if v and w are real.

e In the ramified case, a surface edge e : v — w is real if and only if v is real if and
only if w is real.

An ascending edge e : v — w is real if and only v is real: clearly if e is real, then so
is v, and conversely, if v is real, then c(e) is an ascending edge emanating from v, of which
e is the only one. By passing to inverses, we deduce that a descending edge e : v — w is
real if and only if w is real.

5.1. The field of moduli of a cyclic ¢*-isogeny. The following result computes the
field of moduli of a cyclic ¢%-isogeny of CM elliptic curves in the f2A < —4 case.

Theorem 5.1. Let p : E — E' be a cyclic {*-isogeny of CM elliptic curves with f2Ax <
—4. Let § be the mazimum of the conductor of End(E) and the conductor of End(E").

a) If £ splits in K and ¢ factors through an £-isogeny of foAx-CM elliptic curves,
then Q(¢) = K(f). In every other case we have Q(¢) = Q(j(E),j(E")).

b) If j(E) and j(E") are not coreal then we have Q(¢) = K(f).

¢) Suppose that j(E) and j(E') are coreal. Then if the conductor of E' divides the
conductor of E we have Q(j(E),j(E")) = Q(j(F)), while if the conductor of E
divides the conductor of E' we have Q(j(E),j(E")) = Q(j(E")).
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Proof. Let A = PL2A (resp. A’ = £2F'§2A k) be the discriminant of the endomorphism
ring of E (resp. of E’). We have Q(¢) = Q(¢"), and the assertions of Theorem 5.1 hold
for ¢ if and only if they hold for ¢, so by replacing ¢ with ¢V is necessary we may assume
that L > L/, so that the conductor /%'y of E’ divides the conductor £-fy of E.

For o € gg, we have Q(c(¢)) = 0(Q(¢)) = Q(y), so up to replacing the field of moduli
by an isomorphic number field we may replace ¢ by o(¢) : 0(E) — o(E’) and thus we may
assume that j(F) = ja.

As in §4.3, ¢ determines a nonbacktracking path P(y) of length a in G ¢5,. Now put
Ey=FE,E, = F'; for 0 <i<a,let g; : E; - E;11 be the f-isogeny corresponding
to the ith edge of the path P. By Proposition 3.1b) we have Q(¢) = Q(¢1) - Q(¢q)-
Then K(f) 2 Q(j(E),j(E")). Each ascending f(-isogeny ¢; : E; — FE;y1 is defined over
Q(j(E;)) € K(f); each horizontal edge is defined over K (o) C K(f); and each descending
(-isogeny ¢; @ E; — E;y1 is defined over Q(j(E;+1) € K(f). So we have

Q(f) = QU(E)) € QU(E),j(E) € Qe) € K(F).

If ¢ splits in K and for some 4 the f¢-isogeny ¢; : E; — F;+1 induces a horizontal edge,
then K C Q(p;) C Q(¢), and thus we must have Q(¢) = K(f). Next suppose that P(p)
contains no such edge. Then Q(¢) = Q(j(Eo),---,7(Ea))-

Let v and w are two vertices in G ¢ 5, corresponding to elliptic curves E, and E,,. If there
is a path from v to w consisting entirely of ascending edges, then Q(j(E,)) D Q(j(Ey)). In
the case that ¢ ramifies in K, if e : v — w is a horizontal edge, then Q(j(E,)) = Q(j(Ew)).
From this we deduce:

Q(v) = Q(j(E0), . - -, j(Ea)) = Q(j(E0), j(Ea)) = QUI(E), j(E)).

This establishes part a). Part b) is immediate from Theorem 4.3. As for part c), we
have reduced to the case L' < L, so if j(F) and j(E') are coreal then after our Galois
conjugation we have j(E) € K(f) N R = Q(f) = Q(F(E)), so QU(E), j(E")) = QU(E).
But this identity is unchanged by replacing j(E) and j(E’) by o(j(E)) and o(j(E")) for
any o € go, so indeed we have Q(j(E),j(E")) = QU (E)). O

Our next major task is to fix an imaginary quadratic discriminant A = EQL)%AK with
f2Ax < —4 and a prime power £¢ and to compute the fiber of Xo(¢¢) — X(1) over Ja.
In order to do this, as above we may consider cylic £%isogenies ¢ : E — E’ such that
J(E) = ja, and as we range over all length a nonbacktracking paths in G /s, with ter-
minal vertex w corresponding to an elliptic curve E’, we need to understand for which
of these paths we have that ja and j(E’) are coreal. For this we need a more explicit
description of the action of gr on G ¢5,, which we provide in the next section. We also
need to modify the above approach slightly, since switching to the dual isogeny so as to
ensure that j(E) has level at least as large as the level of j(E’) is not a good approach to
the coming combinatorial problem. We handle the latter first:

Suppose that we have a nonbacktracking path P of length a in Gk g5, corresponding
to ¢ : B — FE', and such that E is A = PL2Ax-CM and E' is A’ = (L'R2Ax-CM
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with L' > L, and put § = ¢*fo, |/ = KL,fo. By the above analysis, the field of moduli
Q(yp) is either Q(j(E’)) (which is isomorphic though not necessarily equal to Q(f')) or
K(j(E'")) = K(f). If the path P contains a horizontal edge in the split case then we have
Q(¢) = K(f), so suppose that is not the case. Then we have Q(p) = Q(j(E’)) if and
only if ja and j(E') are coreal. Let P; be the maximal initial segment of the path P that
terminates at a vertex in level L, and let P> be the rest of the path, so P, consists entirely
of L' — L descending edges. Let a; < a be the length of Py, and let ¢ : E — E; be the
corresponding factor isogeny. Then Q(j(E1)) C Q(j(E")), so if ja and j(E') are coreal
then so are ja and j(E), and since E and E; have the same endomorphism ring, this
occurs if and only if j(F) € R. Conversely, if j(E7) € R then Q(5(E1)) = Q(ja) and thus

Qja, J(E')) = Q((E1), 5(E") = Q((E")).
Since we wish to count closed points in the fiber of Xy(¢*) — X (1) over Ja, we need
to impose an equivalence relation on paths: any path in the same gg-orbit as P(p)
determines the same closed point on X(¢*) as P(p). The size of this Galois orbit is

dy = [Q(p) : Q(F)]-
Complex conjugation acts on paths in Gk g5, and a path is real if and only if each of its
edges is real.

Lemma 5.2. We maintain notation as above. Put

{1 Py is real
€p =

2 otherwise
Then:
a) If L > L', then we have d, = €,.
b) If L=0 and L' > L, then we have d, = €,({ + (ATK>)€LI*L*1.
c) If0 < L <L, then we have d, = e¢€L/_L.
Proof. This follows easily from the description of Q(¢) we have given. O

We can also explicitly describe the ggs-orbit on P(y): it consists of all paths obtained
from P; by descending max(L’ — L,0) times as well as all paths obtained from P by
descending max(L' — L,0) times. We will say that two paths in the same gq(j)-orbit are
closed point equivalent.

5.2. Cyclic N-isogenies on real elliptic curves.

Theorem 5.3. Let E/g be an elliptic curve. For N € Z*, let Cn(F) denote the set of
cyclic order N subgroups of E(C), and let Cy(E)¢ denote the subset that is fired under the
natural action of gr = {1,c}. Let t be the number of real roots f, where y*> = f(x) is a
polynomial defining E/r. Suppose that N has r distinct odd prime divisors.

a) If N is odd, then #Cn(E)¢ = 2".

b) If N =2 (mod 4), then #Cn(E)¢ =1t-2".

c) If N =4 (mod 8), then #Cn(F)¢ € {2711, 2721,
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Proof. Step 1: Write N = ¢{* - -ZER with 2 < f; < ly < ... < {g. There is a gg-equivariant
bijection from J[Z, Cyei (E) to Cn(F) obtained by mapping the tuple (C1,...,CRr) to the
subgroup (CY, ..., C’R>Z. This reduces us to the case of N = /% a prime power.

Step 2: Suppose that N = £ is an odd prime. We recall a version of a well-known fact:
let R be a commutative ring with 2 € R*, let M be an R-module, and let ¢ € Endg(M)
satisfy ¢2 = 1, and put

My ={xeM|clx)=z}and M_ ={z e M| c(r)=—zx}.

Then we have M = M, & M_. Indeed, if x € My N M_, then 2z = 0, so x = 0. Also, for
:UeMwemaywritex:%(x)%—%(I)
Step 3: Suppose that N = ¢* is an odd prime power. We apply Step 2 with R = Z/(°Z,

M = E[¢?](C) and take ¢ to be complex conjugation, so

E[?)(C) = El*](C)+ @ E*](C) -
We have E[¢¢|(C);+ = E[¢?](R). Since E(R) is isomorphic to either R/Z or R/Z & Z/2Z,
we have (using that ¢ > 2) that E[¢(%](R) = Z/(%Z; since E[(%](C) =2 (Z/(°Z)?, it follows
that E[¢¢)(C)- = Z/¢*Z. Thus E[{*)(C)4+ and E[¢*|(C)_ are two elements of Cypa (E). If
there were any others, there would be z € E[¢?](C) and an integer n prime to ¢ such that

¢(x) = nz and, in the unique representation of x as zy + z_ with zy € E[¢{*|(C)+ and
x_ € E[t*)(C)p, we have x4, x_ # 0, so each has order divisible by ¢. Then

ry —x_ =c(xr) =nzr =nry +ne_,

which shows that n =1 (mod ¢) and n = —1 (mod /), a contradiction.
This completes the proof of part a). Part b) follows immediately, since t = #Ca(FE).
Step 4: Let a € Z*. The homomorphism

[2] - E(C)[2**] - B(C)[2%]

is ggr-equivariant, surjective and such that each fiber is a principal homogeneous space
under E(C)[2]. There is an induced ggr-equivariant map

[2] : C2a+1 (E) — CQa (E)

that is surjective, with each fiber of size 2.

Case 1: Suppose that ¢t =1, so E(R) =2 R/Z. We claim that #C4(E)¢ = 2. If C € C4(E)¢,
then also [2]C'° € C3(E)¢, and there is a unique such order 2 subgroup, say, Cs, so it
follows that #C4(E)¢ < 2. On the other hand, since E(R)[4] = Z/4Z we certainly have
#C4(E)° > 1. It follows that at least one of the two subgroups C' such that [2]C = Cy is
gr-stable, so the other such subgroup must be ggr-stable as well.

Case 2: Suppose that t = 3, so E(R) & R/Z x Z/27Z and thus E(R)[4] = Z/A7 x 7Z/2Z.
Then #C4(E)¢ € {0,2,4,6}, depending upon how many of the 3 elements of Co(E)° lift to
a pair of elements on which complex conjugation acts trivially. The 4 elements of E(R) of
order 4 map to 2 elements of Co(E)¢, so #C4(E)¢ > 2. For any other element C € C4(E)¢,
if P generates C then P = —P. So if #C4(F)¢ = 6 then E(C) has eight elements of order
4 that are inverted by complex conjugation. But in the group E(C)[4] = Z/AZ x Z/AZ
the largest number of elements of order 4 that generate a proper subgroup is 4, so if F(C)
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FiGure 1. Corollary 5.5
£ > 2 split. Vertices and edges fixed by complex conjugation are colored orange.

had eight elements of order 4 inverted by complex conjugation, then complex conjugation
would have to act on E(C)[4] by —1, which we know is not the case. O

Corollary 5.4. Let E/g be an elliptic curve, and let N > 3. Then the projective N -torsion
field R(PE[N]) of E is C.

Proof. 1t follows from Theorem 5.3 that #Cn(F)¢ < #Cn(E). O

5.3. Explicit action of complex conjugation on G .

Suppose fAA g < —4. We give an explicit description of the action of complex conjugation
on the isogeny volcano — up to gr-equivariant graph-theoretic isomorphism — in all cases.
For L > 0, put

(8) tr = # Pic O(PLR2AK)[2].

By Corollary 2.5, vy, is the number of real vertices in G o5, at level L. Lemma 2.8 computes
tz, in terms of vg.

Corollary 5.5. Let fAAx < —4, let £ > 2, and let v be a real vertex in the volcano K t,50-

a) Suppose l is unramified in K. If v is a surface vertex, then there are precisely two
real descending edges with initial vertex v. If v lies below the surface, there is a
unique real descending edge with initial vertex v.

b) Suppose that ¢ is ramified in K. Then there is a unique real descending edge with
initial vertex v.

Proof. a) Suppose v lies at the surface. If £ is inert in K there are no surface edges, so
the result follows from Theorem 5.3. If £ is split there are two surfaces edges, which are
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Ficure 2. Corollary 5.5

¢ > 2, inert. Vertices and edges fixed by complex conjugation are colored orange.

interchanged by complex conjugation, so again Theorem 5.3 applies. If v lies below the
surface, then there is a unique ascending edge with initial vertex v, so it must be stable
under complex conjugation. By Theorem 5.3 there is exactly one descending real edge.

b) Suppose v lies at the surface. Then there is a unique surface edge with initial vertex v,
so by Theorem 5.3 there is exactly one descending real edge with initial vertex v. If v lies
below the surface, the argument is the same as that of part a). O

Lemma 5.6. Let f%AK < —4, and suppose that £ = 2 does not ramify in K. Then in the
volcano G 25y

a) FEvery real surface vertex has a unique real descendant.

b) For L € {1,2}, both of the descendants of every real vertezx of level L are real.

c) For L > 3, we partition the real vertices of level L into pairs of vertices {vr,wr},
such that vy, and wy, are adjacent to the same vertex ur_q1 in level L — 1. Then
exactly one of vy, and wy, has two real descendants and the other has no real de-
scendants.

Proof. In this case Lemma 2.8 gives
t] = tg, to = 2t1, t3 = 2tg, Tep1 =t Ve > 3.

a) If 2 is inert in K, then every real surface vertex has three descendants. Since 3 is odd,
at least one must be real. Since the number of real vertices in level 1 is the same as in level
0, exactly one must be real, establishing part a) in this case. If 2 splits in K, then every
real surface vertex has a unique descending vertex, which must therefore be real.



CM ELLIPTIC CURVES: VOLCANOES, REALITY AND APPLICATIONS, PART I 39

O _ @ @

Ficure 3. Corollary 5.5
¢ > 2 ramified. Vertices and edges fixed by complex conjugation are colored orange.
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Ficure 4. Corollary 5.5
¢ > 2 ramified. Vertices and edges fixed by complex conjugation are colored orange.
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¢ =2, inert. Vertices and edges fixed by complex conjugation are colored orange.

b) For all L > 1, every vertex at level L has exactly two descendant vertices. Since to = 2t;
and t3 = 2ty, it must be that for L € {1,2} every real vertex at level L has both of its
descendants real.

¢) Suppose now that L > 3 and let vy, wy be a pair of real vertices at level L as in the
statement of the result. (If vy, is real and is incident to uz_1 in level L — 1, then uy_q is
real with at least one of its two descendant vertices real, so the other one, wy, must also
be real.) If we can show that vy, and wy do not both have descendant real vertices, then
an easy counting argument using vy = ty, establishes the desired conclusion. So assume
now, and let vy41 be a real descendant of vy, and wy1 be a real descendant of wy. Then

V[4+1 = VL = U1 — W[ — WL+1

is a proper, real cyclic 2%-isogeny with source elliptic curve having discriminant A =
224252\ i so there is a primitive, proper real O(A)-ideal of index 16. But by Theorem
2.9, if there is a primitive, proper cyclic real O(A)-ideal of index 2%, then a = 2 or
a = orda(A) — 2 = 2L > 6, a contradiction. O

To describe the structure in the next case we need a simple preliminary result.



CM ELLIPTIC CURVES: VOLCANOES, REALITY AND APPLICATIONS, PART I

O

OO&OO&

FIGURE 7. Lemma 5.8
=2, orde(Ag) = 2. Vertices and edges fixed by complex conjugation are colored orange.

Lemma 5.7. Let A be an even imaginary quadratic discriminant, let O be the imaginary
quadratic order of discriminant A, and let p be the unique ideal of O of norm 2. Then p
is principal if and only if A € {—4, —8}.

Proof. For any N € Z*, there is a principal O-ideal of norm N if and only if N is integrally
represented by the quadratic form 22 + |£|y2. This form represents 2 if and only if A €
{—4,-8}. O

Lemma 5.8. Let f2Ax < —4, and suppose that 2 ramifies in K and that orda(Af) =
Then in the volcano Gi 25, -

a) The set of real surface vertices is canonically partitioned into pairs {vy,wo} such
that vy has two real descendants and wg has no real descendants.

b) FEvery descendant vertex of a real vertex in level 1 is real.

c) For L > 2, we partition the real vertices of level L into pairs of vertices {vp,wr},
such that vy, and wy, are adjacent to the same vertex uy_q1 in level L — 1. Then
exactly one of vy, and wy, has two real descendants and the other has no real de-
scendants.

Proof. In this case Lemma 2.8 gives
1 = ¢y, Ty = 2t1, Tr4+1 = 1%L VL > 2.

a) Let Op be the imaginary quadratic order of discriminant f%A k. Since 2 divides Ax and
does not divide fg, the ring Oy has a unique prime ideal p of norm 2, which is moreover
proper. Since p? = (2), the class [p] € Pic O has order at most 2, and since Ax = —4 has
been excluded, by Lemma 5.7 the class [p] has order exactly 2. This implies that there are
no surface loops and indeed gives the partition of the set of surface vertices into pairs: it is
the decomposition of Pic Oy into cosets of {1, [p]}. Because t; = tg, a counting argument
shows that if the conclusion of part a) did not hold there would be a pair real vertices
vg, wo linked by a surface edge such that neither vg nor wg have any real descendants. But
in this case the real elliptic curve corresponding to vy would admit no real cyclic 4-isogeny,
whereas as we have observed above, every real elliptic curve admits a real cyclic N-isogeny
for all positive integers N.
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b) This follows from tg = 2t;.
c¢) The argument for this is the same as for Lemma 5.6¢). O

Lemma 5.9. In the volcano gQ(\/_—S)Q’l:

a) There is one surface vertex vy, which is real.

b) Both of the descendants vy, w1 of vy are real.

c) For all L > 1, there are two real vertices vy, wy, in level L that are descendants of
the same real vertex vy_1 in level L. The vertex vy has two real descendants vy,
wr11, and the vertex wr has no real descendants.

Proof. We have t1 = 2vg =2 and vz41 =ty = 2 for all L > 1. Also we have h_g = 1. The
claimed structure follows from this, and we leave the details to the reader. ]

Lemma 5.10. Suppose that A < —8 and ordz(Ag) = 3. Then in the volcano G o5, :

a) Every descendant vertex of a real surface vertex is real.

b) For L > 1, we partition the real vertices of level L into pairs of vertices {vr,wr},
such that vy, and wy, are adjacent to the same vertex uy_q1 in level L — 1. Then
exactly one of vy, and wy, has two real descendants and the other has no real de-
scendants.
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Proof. We have v = 2tg and v41 = vy, for all L > 1. The arguments are similar to those
in the previous cases and may be left to the reader. (Il

6. SOME APPLICATIONS

6.1. The Field of Moduli of an Isogeny.

Lemma 6.1. Let K be an imaginary quadratic field with Ag < —4, and let ¢ : E — E’
be an isogeny of compler K-CM elliptic curves. Then we have

QU((E),j(E) € Qly) C K(p) = K(j(E),j(E)).

Proof. Proposition 3.1a) reduces us to the case in which ¢ is a cyclic N-isogeny. Certainly
we have that K(¢) contains both Q(¢) and K(j(E),j(E")), so it is enough to show that

K(p) C K(j(E), j(E")).

If N = (7" - 0% then ¢ = @ 0...0p1, where ; : E;_1 — Ej; is a cyclic Eg”—isogeny. (Thus
Ey=F and E, = E'.) For 0 <i <r, let §; be the conductor of E;. Put M = lem(fo, f)-
By (4) and Proposition 2.2 we have

K(j(E),j(E") = K(fo)K(f;) = K(M).
From our isogeny volcano analysis, we know that
K(pi) = K(j(Ei), j(Eit1)) = K(lem(fi, fi+1))-

Moreover, for all 1 < i <7 we have f; /f;—1 € EiZ , from which it follows that forall 1 <i <r
and 0 < j < r we have ordy, (f;) < ordy, (M) and thus

K(p) = K(p1)--- K(pp) C K(M). O
Theorem 6.2. Let K be an imaginary quadratic field with A < —4, and let ¢ : E — E’

be an isogeny of complex K-CM elliptic curves. Then:

a) If j(E) and j(E') are not coreal, then Q(¢) = Q(j(E), j(E")) = K(j(E), j(E)).
b) If j(E) and j(E') are coreal and there is a prime £ that splits in K such that pcyc
factors through a proper £-isogeny then Q(p) = K(§(E),j(E")) 2 Q((E),j(E")).
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c) Suppose that peye has prime power degree. If j(E) and j(E') are coreal and for no
prime € that splits in K does peyc factor through a proper (-isogeny, then Q(y) =

QU(E),j(E) & K(§(E),j(E)).

Proof. Once again, by Proposition 3.1a) we may assume that ¢ is a cyclic N-isogeny. In
view of Lemma 6.1, we have

(9) QU(E),J(E) € Qlp) C K(p) = K(§(E), j(E)).

Moreover, by Theorem 4.3 we have Q(j(E),j(E')) = K(j(E),j(E')) if and only if j(F)
and j(E') are not coreal. From this and (9) part a) follows immediately. If ¢ splits in
K and ¢ factors through a proper ¢-isogeny ¢, we know that Q(¢) D Q(¢) D K and thus
Q(¢) = K(j(E),j(E")), which shows part b).

c) Finally, assume that N = ¢? is a prime power, that j(F) and j(E’) are coreal, and that
if £ splits in K the isogeny ¢ does not factor through a proper f-isogeny. In this case, our
theory of isogeny volcanoes shows that Q(¢) = Q(j§(E), j(E’)): indeed, the acending part of
the corresponding path yields an isogeny that is defined over Q(j(E)), which shows that the
j-invariant of each vertex in this portion of the path lies in Q(j(E)). Surface vertices, which
exist only in the ramified case, are therefore defined over Q(j(E)), while the descending
part of the corresponding path yields an isogeny that is defined over Q(j(E’)). So the
isogeny ¢ is defined over Q(j(E), j(E")). O

Remark 6.1. I suspect that Theorem 10.2c) holds without the hypothesis that ¢y has
prime power degree. Otherwise and perhaps more simply put, for any cyclic N-isogeny of
CM elliptic curves that does not factor through a proper f-isogeny for a prime £ that splits
in K, I suspect that Q(¢) = Q(j(E), j(E")), just as Proposition 3.2 shows is the case for
all elliptic curves without complex multiplication.

Corollary 6.3. Let A = ? Ay with Ax < —4, let E)c be a A-CM elliptic curve and let
¢ : E — E' be an isogeny. Then there is M € Z such that the field of moduli Q(y) of ¢
is isomorphic to either Q(MF) or to K(MfF).

6.2. K(f)-rational cyclic N-isogenies. The following is a result of Bourdon-Clark [BC20a,
Thm. 6.18a)].

Theorem 6.4. Let A < —4, and write A = f2Ag. For N € ZF, there is a A-CM elliptic
curve B gy and a K(f)-rational cyclic N-isogeny ¢ : E — E' if and only if A is a square
in Z/ANZ.

Here we suppose moreover that Ax < —4 and give a different proof of Theorem 6.4. As
explained in §3.5, since Ax < —4, for a positive integer N = ¢{'---£%" there is a K(f)-
rational cyclic N-isogeny with source elliptic curve A-CM if and only if for all 1 < ¢ < r
there an K (f)-rational cyclic £;i-isogeny with source elliptic curve A-CM. Moreover, we
have that A is a square in Z/4¢7" --- (¢ Z if and only if A is a square in Z/4¢;"7Z for all
1 <4 < r, so we reduce to the case in which N = (% is a prime power. Let M(A,/) be
the supremum of positive integers a such that some (equivalently, every) A-CM elliptic
curve has a K (f)-rational cyclic ¢*-isogeny. If L = ord(f), this quantity can be understood



CM ELLIPTIC CURVES: VOLCANOES, REALITY AND APPLICATIONS, PART I 45

in terms of the volcano G s, as the supremum of all lengths of nonbacktracking paths
starting at a vertex of level L and ending at a level L' < L.

e Suppose that <ATK) = 1. In this case M(A,¢) = oo: indeed, we can ascend to the

surface and follow by a nonbacktracking path of arbitrary length on the surface. Writing
A = Ak, it is enough to check that A is a square modulo 4¢¢ for all positive integers a,
which holds if and only if it is a square modulo ¢* for all positive integers a and is indeed
the case by Hensel’s Lemma since this holds modulo ¢ if £ > 2 (resp. modulo 8 if ¢ = 2).
e Suppose that (%) = —1. In this case we have L = 0 so we are on the surface and
in the inert case so have no surface edges, so every nonbacktracking path of positive length
ends lower than it starts, so the field of moduli of the corresponding ¢®-isogeny contains
K (¢f) 2 K(f). If £ > 2 then our assumption gives that A is not a square modulo ¢. If { = 2
then our assumption gives A =5 (mod 8) hence is not a square modulo 8 = 4/.

e Suppose that L = ordy(f) > 1 and (ATK> = —1. In this case the longest nonback-
tracking path starting at level L and ending no deeper than level L is a path that ascends
to the surface and descends back down to level L, so M(A,¢) = 2L. One checks that the
largest a such that A = (?F§2Ak is a square modulo £? is a = 2L: see the end of [BC20a,
§7.4] for the details.

e Suppose that (ATK> = 0. In this case the longest nonbacktracking path starting at

level L and ending no deeper than level L is a path that ascends to the surface, takes the
unique surface edge and then descends back down to level L, so M (A,¢) = 2L + 1. One
checks that the largest a such that A = (2L§2A k¢ is a square modulo 4¢% is a = 2L + 1 see
the end of [BC20a, §7.4] for the details.

Remark 6.2. Suppose Ax € {—4,-3} but A = {2Ax < —4. Then using the known
structure of the isogeny graph Gk ¢j, [CS22b, §3], it is easy to carry the above argument
over to give a full proof of Theorem 6.4.

That isogeny volcanoes give a different and arguably more transparent approach to The-
orem 6.4 when was pointed out to me by A. Sutherland in January 2019. This conversation
led to the present work.

6.3. Q(f)-rational cyclic N-isogenies. Let A = f2Ak be an imaginary quadratic order
with Ag < —4. For a positive integer N, let I(A, N) be the condition that there is a A-CM
elliptic curve E defined over a number field F' isomorphic to Q(f) (and thus F' = Q(j(E)))
such that E admits an F-rational cyclic N-isogeny. In [Kw99], S. Kwon determined all
pairs (A, N) (again, with Ag < —4) for which I(A, N) holds. We will deduce this result,
along with some later generalizations, from the present work.

As we have seen, it is no loss of generality to assume that we have a A-CM elliptic curve
defined over Q(f) = Q(j(C/O). As in the previous section we immediately reduce to the
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case N = (% is a prime power. Indeed, for each prime ¢, we let my(A) be the largest
non-negative integer a such that I(A, ¢%) holds. We will see shortly that for each fixed A
we have my(A) = 0 for all sufficiently large primes ¢. It then follows that I(Ax) holds if
and only if N | T, ¢m¢(A),

We have the following “volcanic” interpretation of mg(A): it is the longest length a of
a real path in Gk ¢, starting at level L and ending at level L’ such that QY §ZAK) —
Q(FPE2AK) (as we will see, in all but one case the latter condition simplifies to L' < L).

e Suppose that ¢ > 2 and (ATK) # 0. Then such a path must begin with an upward

component — there are no real horizontal edges and Q(¢f) 2 Q(f) in this case. The longest
such path ascends all the way to the surface and then descends back down to level L, which
is possible because every real surface vertex has two real descendants in this case. Thus
we get my(A) = 2L.

e Suppose that £ > 2 and (ATK> = 0. If L = 0 the only nontrivial such path takes the

unique horizontal edge emanating from the corresponding surface vertex, so my(A) = 1.
Otherwise the longest such path ascends to the surface, takes the unique horizontal edge,
and descends back to level L. Thus in general we get my(A) = 2L + 1.

e Suppose that ¢ = 2 and (%) = 1. In this case L = 0 and there are no real hori-
zontal edges, so we must descend. We have Q(2f) = Q(f) and [Q(4f) : Q(2f)] = 2 so that
we can descend once: mg(A) = 1.

A

e Suppose that £ = 2 and ( 5 ) = —1. In this case L = 0, there are no horizontal edges and

Q(2f) 2 Q(f), so ma(A) = 0.

e Suppose that ¢ = 2, (%) = 0 and (ATK) # 0. If L = 0 then we must go down-

ward, but Q(¢4f) 2 Q(f), so ma(A) = 0. If L =1 we can go upward once and then there
is no nonbacktracking real edge, so mao(A) = 1. If L > 2 then the longest path ascends to
level 1 and then descends back to level L (cf. Lemma 5.5), so we have ma(A) = 2L — 2.

e Suppose that ¢ = 2, (AQ—K) = 0 and ordy(Ag) = 2. In this case we have Q(2f) 2 Q(f),

we want the length of the longest real path ending at level L' < L. If L = 0 we can take
the horizontal edge, giving mgo(A) = 1. If L > 1 we can ascend to the surface and then
descend back down to level L, giving ma(A) = 2L.

e Suppose that ¢ = 2, (%") = 0 and ord2(Ag) = 3. Again we have Q(2f) 2 Q(f),

so we want the length of the longest real path ending at level L' < L. If L = 0 we can
take the horizontal edge, giving mo(A) = 1. If L > 1 we can ascend to the surface, take
the horizontal edge and then descend back down to level L, giving ma(A) = 2L + 1.
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This agrees with Kwon’s result. To confirm this it is easier to check against [BC20b,
Prop. 6.4], which records my(A) in all cases in which £ | A.

Remark 6.3. The factorization of a pleasant isogeny given in §3.4 is essentially due to
Kwon and is a key part of his proof of the classification of cyclic N-isogenies over Q(j(E)).
He also develops and uses some ideal theory of imaginary quadratic orders. Thus our
approach to Kwon’s results is relatively similar to his, the main difference being use of
isogeny volcanoes. Let us also recall that in the determination of the action of complex
conjugation on the isogeny volcano in some ¢ = 2 cases we used Kwon’s Theorem 2.9.

6.4. Finiteness of isogenies over a number field. In the previous two sections we
proved two results of the the following form: “For an imaginary quadratic discriminant
A = PAi with Ag < —4 and a number field F, we completely determine the set of
N € Z* such that there is an F-rational A-CM point on Xo(N).” Armed with the results
of our present work, we could derive a similar classification for any fixed number field F'.
But is perhaps more interesting to think about this classification depends on F'. In [BC20b,
Thm. 5.3] it is shown that Kwon’s classification of Q(f)-rational cyclic isogenies remains
valid if Q(f) is replaced by any number field that contains neither K nor a field isomorphic
to Q(4f) for any prime ¢. The theory presented here makes this extension immediate. More
generally, for any subfield F' of C, Corollary 6.3 implies that the set of positive integers N
for which X¢(N) has an F-rational A-CM point depends only on whether F' contains K
and for which f € Z* it contains a number field isomorphic to Q(f).

In fact the classification can be done even for infinite degree extensions of Q. To stay
within our setup, let us consider a subfield F' of the complex numbers.'® The following
result tells us exactly when our classification problem has a finite answer:

Theorem 6.5. Let F' be a subfield of C.

a) Suppose that F' contains either the Hilbert class field of some imaginary quadratic
field or infinitely many rational ring class fields. Then the set of positive integers
N such that Xo(N) has an F-rational CM point is infinite.

b) Suppose that F' does not contain the Hilbert class field of any imaginary quadratic
field and contains only finitely many rational ring class fields. Then the set of
positive integers N such that Xo(N) has an F-rational A-CM point is finite.

Proof. a) Suppose first that there is an imaginary quadratic field K such that F' contains
the Hilbert class field K (1) of K. Since K(1) = K(ja), the field F' contains ja and K
and hence, for each prime £ that splits in K and all @ € Z™, there is a K(1)-rational cyclic
(%-isogeny ¢ : E — E' where j(F) = ja,, establishing the claim in this case.

Next suppose that F' contains infinitely many rational ring class fields. Since each ra-
tional ring class field has finitely many Galois conjugates, this holds if and only if there is
an infinite set {A,,}°° ;| of imaginary quadratic discriminants such that for all n € Z* F

10Tpe general case of a field F' of characteristic 0 can be easily reduced to this.
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contains a subfield isomorphic to Q(ja, ). It follows that either the set of primes ¢ that
divide A,, for some n € Z% is infinite or for all A € ZT there is ny € Z*, a prime {4
and an a4y € ZT such that ¢%* | As. It follows from the results in the previous section
(and from Kwon’s Theorem, in particular) that when Ax < —4, if £4 | A, then there is
a Q(ja)-rational A-CM point on Xo(¢4). By [BC20b, Remark 5.2, Corollary 5.11], the
assertions of the previous sentence hold also when Ax € {—3,—4}. This completes the
proof of part a).

b) Suppose F' contains no Hilbert class field of an imaginary quadratic field and contains
only finitely many rational ring class fields. Then the set of imaginary quadratic discrim-
inants A such that F' contains the j-invariant of any A-CM elliptic curve is finite, so it
is enough to fix an imaginary quadratic discriminant A such that F' contains a subfield
isomorphic to Q(ja) and show that the set of positive integers N such that Xo(N) admits
an F-rational A-CM point is finite. Then F' does not contain K, for if so it would contain
the ring class field of discriminant A and hence the Hilbert class field of K, contrary to
our hypothesis.

We claim that we may further restrict to the case A = Ag. Indeed, if A = f?Ax and
there is a cyclic N-isogeny ¢ : E — E’ defined over F' with E a A-CM elliptic curve, let Cy
be the kernel of ¢. Let 4 : £ — F be the canonical, F-rational cyclic f-isogeny described
in §3.4. Then Cy = t,1(Cn) is an F-rational subgroup scheme of the Ax-CM elliptic

curve E/p of order a multiple of ﬁ. In our situation f is bounded, so N becomes
arbitrarily large if and only if m does, in which case E — F / Cn exhibits F-rational

cyclic Ag-CM isogenies of arbitarily large degree.

Let ¢ be a prime such that £42Ak, and suppose ¢ : E — E’ is an F-rational (-isogeny
with £ a Ag-CM elliptic curve. Since Ak is the discriminant of the maximal order Zg
in K, such an isogeny must be horizontal or descending, and since ¢ does not ramify in
K the only possible horizontal edges occur when £ splits in K, which have field of moduli
containing K, hence not contained in F. So E' must be an ?Ax-CM elliptic curve, and
thus Q(j(E")) is isomorphic to Q(¢). By hypothesis this only holds for finitely many .

It remains to show that for each prime number £ there is a positive integer A such that
no Ag-CM elliptic curve admits an F-rational cyclic £4-isogeny. Fix a prime ¢, and let
¢ : B — E’ be an F-rational cyclic £%-isogeny, with E a Ax-CM elliptic curve. Because of
our assumption on F', there is a positive integer B such if we factor F into /-isogenies, then
the conductor of the endomorphism ring of the source elliptic curve of every factor isogeny
divides ¢8. In particular, if ¥ is the conductor of End(E’) and L’ := ord(f'), then L' < B.
If there were F-rational cyclic /% isogenies ¢, : E — E' with E Ag-CM for all a € ZT,
then for all a € Z™* there is some 0 < L, < B and an F-rational proper cyclic £?-isogeny
of Ay-CM elliptic curves, where A, = £2aAg. (This is just because of the Pigeonhole
Principle: since only finitely many endomorphism rings appear in the factor isogenies of
the ¢q, as a approaches infinity at least one endomorphism ring must appear arbitrarily
often.) Since F' does not contain K, a proper cyclic £* isogeny of O-CM elliptic curves is
the kernel isogeny Ey — Ej/[a] attached to a primitive proper real O(A,)-ideal a of norm
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¢*. By [BCS17, Cor. 3.8] we must have
(¢ =la| | Ay = Lo Ay | PP Ak,
and for sufficiently large a, this gives a contradiction. O

The proof of Theorem 6.5 shows that if F' contains no Hilbert class field of an imaginary
quadratic field and only finitely many rational ring class fields, the set of positive integers
N such that Xy(V) has an F-rational CM point is not only finite but explicitly bounded in
terms of the finite set of discriminants A such that F' contains a rational ring class field of
discriminant A. (This was clear in more generality when Ag < —4, but the proof addresses
the cases Ag € {—3,—4} as well.) As mentioned in §2.5, we have that ha = [Q(ja) : Q]
approaches infinity with |A|, so not only does every number field F' contain finitely many
rational ring class fields, but the set of discriminants of such fields can be bounded in terms
of [F': Q] alone. Moreover, no number field of odd degree contains any imaginary quadratic
field, let alone its Hilbert class field. Accordingly, we deduce the following result.

Corollary 6.6. a) For a number field F', the following are equivalent:
(i) The set of N € Z* such that Xo(N) has an F-rational CM point is infinite.
(ii) The field F' contains the Hilbert class field of an imaginary quadratic field.

b) Fix d € Z*. As we vary over all degree d number fields F that contain no Hilbert
class field of an imaginary quadratic field, there are only finitely many positive
integers N such that Xo(N) has an F-rational CM point.

c) For each odd d € Z*, there are only finitely many N € Z* such that Xo(N) has a
closed CM point of degree d.

We end this section with a brief comparison to the non-CM case. A preliminary result:

Lemma 6.7. a) Let F' be a number field. Suppose that for all sufficiently large prime
numbers £, all the noncuspidal F-rational points on Xo(¢) are CM points. Then
the set of N € Z" such that Xo(N) has a noncuspidal, non-CM F-rational point
s finite.

b) Let d € Zt. Suppose that for all sufficiently large prime numbers £, all the noncus-
pidal degree d closed points on Xo(€) are CM points. Then the set of N € Z" such
that Xo(N) has a noncuspidal, non-CM closed point of degree d is finite.

Proof. a) By the assumption and the discussion at the beginning of §3.5, it suffices to show
that for each fixed prime ¢, there is A = A({) such that no non-CM elliptic curve E,p
admits an F-rational cyclic £4-isogeny. By a result of K. Arai [Ar08], there is L = L(¢, F)
such that for every non-CM elliptic curve E/ ., the image of the f-adic Galois representation
pEe= 1 9F — GLa(Zy) contains the kernel of the reduction map GLa(Z) — GLo(Z/(FZ).
Thus E admits no F-rational cyclic £“*!-isogeny.

b) In fact, under the hypotheses of Arai’s Theorem, there is such an L that depends only
on ¢ and [F': Q] [CP18, Thm. 2.3a)], and the result follows. This generalization of Arai’s
Theorem is essentially due to Cadoret and Tamagawa [CT12] and a simpler proof had
earlier been sketched by J. Rouse: cf. [CP18, Rem. 2.4]. d
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Corollary 6.8. Assume the Generalized Riemann Hypothesis (GRH). For a number field
F, the following are equivalent:

(i) The set of N € Z* such that Yo(N)(F) # @ is finite.
(ii) F does not contain the Hilbert class field of any imaginary quadratic field.

Proof. By [LV14, Cor. 6.5], there are only finitely many prime numbers ¢ such that there
is an elliptic curve E/p that admits an F-rational f-isogeny. The result follows from this,
Lemma 6.7 and Corollary 6.6a). O

Larson-Vaintrob actually show that over any number field F', conditionally on GRH, for all
sufficiently large primes £, if there is an F-rational f-isogeny of elliptic curves with isogeny
character x : gr — (Z/0Z)*, there is an F-rational ¢-isogeny of K-CM elliptic curves with
isogeny character ¢ : gp — (Z/¢Z)* such that F' contains K (and hence also K (1)) and
X2 = '2. Since isogenies of CM elliptic curves are now well understood, in Corollary 6.8
it would be very desirable to remove the hypothesis that F' contains no Hilbert class field
of an imaginary quadratic field and limit the conclusion to the the non-CM case. Using
Theorem 1.2 and x'? = 92, one can get an upper bound on the index of the image of .
This is useful for certain applications to the torsion subgroup — cf. [CMP18, Thm. 1.8]. It
is unfortunately not so clear how to use it to further study isogenies in the non-CM case.

6.5. The Projective Torsion Field. Let F' be a subfield of C, let N > 2, let E//r be an
elliptic curve, and let

be its modulo N Galois representation. The center of GL2(Z/NZ) consists of the subgroup
of scalar matrices, isomorphic to (Z/N7Z)*, and we define the projective modulo N
Galois representation

Ppy : gr — GLo(Z/NZ)/(Z/NZ)*

to be the composite of py with the quotient map g : GL2(Z/NZ) — GL2(Z/NZ)/(Z/NZ)*.
One can view this as the action of gr on the lines (i.e., one-dimensional free Z/NZ-

submodules) in E[N](F). The projective N-torsion field of E F(PE[N]) is the fixed

field T PN It is a finite Galois extension of F , the unique minimal field extension of

F over which Galois acts on E[N] by scalar matrices. The latter interpretation implies
that the projective torsion field is also the compositum of all fields of moduli F'(¢) where
¢: E — E’is a cyclic N-isogeny.

Passing from E,p to a quadratic twist E/DF does not change the projective Galois rep-
resentation hence also does not change the projective torsion field. This need not be the
case for quartic twists when j = 1728 or sextic twists when j = 0, so from now until the
end of this section we assume that j(E) ¢ {0,1728}. In this case the projective Galois rep-
resentation depends only on the closed point j(E) € X(1)/p. Determining the projective
torsion field when F' = Q(j(FE)) amounts to computing the fiber over j(F) in the Galois
covering of F-curves Xo(N,N) — X(1): if f = [F(PE[N]) : F] then when N > 3, the fiber
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over j(FE) consists of %@m closed points, each with residue field F(PE[N]).

We would like to compute the projective torsion field in the CM case: again, for now
we suppose that A < —4. Thus we choose an elliptic curve E/q;) with j (E) = ja, and
for all N > 2 we wish to determine Q(f)(PE[N]). The determination of the compositum
of this field with K is a result of Parish.

Theorem 6.9 (Parish). Let A < —4. Then for all N > 2, the projective torsion field of
any A-CM elliptic curve E, s is the ring class field K (N¥).

As an application of the present techniques, we will prove the following result.

Theorem 6.10. Let A = ?Ag be an imaginary quadratic discriminant with Ag < —4.
Let N > 2, let F' be a number field isomorphic to Q(f), and let E/p be a A-CM elliptic
curve (so F'=Q(j(E))). We put

P(A,N) :== F(PE[N)).
Then:

a) If N =2 and A is even, then P(A,2) 2= Q(2f).
b) In all other cases we have P(A, N) = K(N¥).

Proof. By Theorem 6.9 — and also by Lemma 6.1 — we have P(A, N) C K(Nf). On the
other hand, there is a cyclic N-isogeny ¢ : E — E defined over C such that E is a complex
N2A-CM elliptic curve, so P(A, N) contains a subfield isomorphic to Q(Nf). Thus we
must show: P(A, N) does not contain K if and only if N =2 and A is even.
o If N =2, then P(A,2) = F(E[2]), and the result follows from [BCS17, Thm. 4.2]a). It
also follows from our analysis of complex conjugation on the isogeny volcanoes.

e If N > 3, then it follows from Corollary 5.4 that the projective N-torsion field cannot
be embedded into R, hence the projective N-torsion field cannot be Q(N¥), so it must be
K (Nf¥). O

In [CS22b, §6] we will present a generalization of Theorem 6.10 that applies to any imagi-
nary quadratic discriminant A.

7. CM POINTS ON Xo(£%)

Let ¢ be a prime number, and let A = £2Af(2)A Kk be an imaginary quadratic discriminant
such that fAAx < —4. In this section we will compute the fiber of Xo(¢¢) — X(1) over
Ja: there is no ramification, so we determine which residue fields occur and with what
multiplicity. The residue field of a closed point on a finite-type Q-scheme is a number field
that is well-determined up to isomorphism; it is not well-defined as a subfield of C. Thus
when we write that the residue field is Q(f) for some f € Z*, we mean that it is isomorphic
to this field.

As described above, without loss of generality we may take our source elliptic curve to
have j-invariant ja and then our task is to:
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(i) Enumerate all nonbacktracking length a paths P in Gg ¢,

(ii) Sort them into closed point equivalence classes C(P) as in §5.2 and record the field of
moduli for each equivalence class (again, here we record any number field isomorphic to
Q(f) as Q(f).

(iii) Record the number of closed point equivalence classes that give rise to each field of
moduli.

One check on the accuracy of the calculation is as follows: let ¢ : ZT — Z* be the
multiplicative function such that for any prime power £* we have 1 (£¢) = (4~1(£ +1). For
all N € ZT, we have

deg(Xo(N) = X (1)) = $(N).

Since the map Xo(¢*) — X (1) is unramified over Ja, we must have

D dy = (e =00 07,
(%)

where the sum extends over closed point equivalence classes.

As above, we split the path into the concatentation P; U P, where P; is the maximal
initial segment of P that terminates at a vertex of level K and P; is the remainder of the
path, which consists of max(L’ — L,0) descending edges. Let a; be the length of P, and
a2 be the length of Ps.

7.1. Path type analysis I. We consider paths of length a in G ¢, beginning at ja of

level L > 0. Every such path consists of b > 0 ascending edges followed by A > 0 hori-
zontal edges followed by d > 0 descending edges. For each L, value of (ATK) and value of

orda(Ag) when ¢ = 2, we list all possible triples (b, h, d) that occur and for each triple, list
the number of closed point equivalence classes and their residue fields.

For some of the types the classification differs when ¢ = 2. We begin in this section
with the portion of the analysis that holds for all primes /.

I. There is always a unique closed point equivalence class [P|] of paths (b, h,d) = (0,0, a)
— i.e., consisting of a descending edges. The residue field of this path is Q(¢%f).

IL. If a < L then there is a unique path P, with (b, h,d) = (a,0,0) — i.e., consisting of a
ascending edges. The residue field of this path is Q(f).

III. In the case L = 0 and <ATK> = 0 there are paths with (b, h,d) = (0,1,a — 1). Such
paths form one closed point equivalence class, with residue field Q(£2~1f).

IV. In the case L = 0 and (ATK> =1, for each 1 < h < a there is one complex conjugate

pair of paths with (b, h,d) = (0, h,a — h) and residue field K (£4"5).
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X. If L>1anda—L >1 and (ATK) = 1, there is one closed point equivalence class of
paths with (b, h,d) = (L,a — L,0) and residue field K (f).

7.2. Path type analysis II: ¢/ > 2.

V.If L >2 forall 1 <b<min(a — 1, L — 1), there are paths with (b, h,d) = (b,0,a — b).
They fall into Z_Tlﬂmin(b’“_b)_l closed point equivalence classes, each with residue field
K(gmax(a72b,0)f).

VI.Ifa>L>1and (ATK) = —1 there are paths with (b, h,d) = (L,0,a — L). There is

one closed point equivalence class of paths with residue field Q(¢™#x(¢=2L.0)§) " There are
% closed point equivalence classes of paths with residue field K (¢max(a=2L0)5),

VII.Ifa > L+1 > 2 and (ATK> = 0, there are paths with (b, h,d) = (L,0,a—L). There are

E—Tlémin(L,afL)fl Emax(anL,O)f)'

closed point equivalence classes, each with residue field K (
VIIL Ifa > L+1> 2 and (ATK) — 0, there are paths with (b, h,d) = (L,1,a— L—1). One
of them is real and has residue field Q(¢™ax(¢=2L=10)§)  There are guinEe b1
point equivalence classes of paths with residue field K (Kmax(“*QL*LO)f).H
IX.Ifa>L+1>2and (ATK> = 1, there are paths with (b, h,d) = (L,0,a — L). There is
one closed point equivalence class of such paths with residue field Q(ﬁma"(“*%’o)f). There
are (£_2)£min(;’aimil_l closed point equivalence classes'? of such paths with residue field
K(gmax(a—2L,O)f).

XLIFL>1,a—1L>2and (ATK) — 1, thenforall 1 < h < a— L — 1 there are

(¢ — 1)pmin(La=L=h)=1 closed point equivalence classes of paths with (b, h,d) = (L, h,a —
L — h) and residue field K (¢max(a=2L=h0)5)

closed

7.3. Path type analysis III: ¢{ = 2, ( ) # 0.

In this case, Type V. consists of paths that ascend but not all the way to the surface
and then descend at least once. There are several cases.

Vi. If L > 2, then for all @ > 2 there is one closed point equivalence class of paths
with (b, h,d) = (1,0,a — 1). The residue field is Q(2*~2f).

Vs. If L > a > 3, there is one closed point equivalence class of paths with (b,h,d) =
(a —1,0,1). The residue field is Q(f).

Vs. If a > L > 3, there are paths with (b,h,d) = (L — 1,0,a — L + 1). There are
two closed point equivalence classes of such paths with residue field Q(2max(a—2L+20)y)
and 2min(a—L+1LL-1)=2 _ 1 ¢]psed point equivalence classes of such paths with residue field

U Thus there are no such classes if and only if a = L + 1.
12Thus when ¢ = 3 and min(L,a — L) = 1 there are no paths of this kind; otherwise there are.
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K(zmax(a—2L+2,0)f)‘

Vi If 2 < b < min(L — 2,a — 2), there are paths with (b, h,d) = (b,0,a — b). There are
gmin(b,a=b)=2 ¢losed point equivalence classes of such paths with residue field K (2max(a=20.0)5),
VIL. If a > L > 1 and (ATK> = —1, there are paths with (b,h,d) = (L,0,a — L).

omin(L,a—L)—1

There are closed point equivalence classes of such paths with residue field

K(2max(a_2L’0)f).

(We omit IX. because when ¢ = 2 and (ATK) = 1 there are no paths that ascend to the
surface and then descend back down immediately.)

XI.If a— L > 2 and (ATK> =1, then for all 1 < h < a — L — 1 there are paths with

(b,h,d) = (L,h,a — L — h). There are 2™n(la=L=h)=1 guch paths with residue field
K(2max(a—2L—h,0)f)'

7.4. Path type analysis IV: { = 2, orda(Ag) = 2.

In this case, Type V. consists of paths that ascend but not all the way to the surface
and then descend at least once.

Vi. If L > 2, then for all a > 2 there is one closed point equivalence class of paths with
(b, h,d) = (1,0,a — 1). The residue field is Q(2¢~?f).

Vo. If L > a > 3, there is one closed point equivalence class of paths with (b, h,d) =
(a —1,0,1). The residue field is Q(f).

Vs. If 2 < b < min(L — 1,a — 2), there are paths with (b, h,d) = (b,0,a —b). They fall into
omin(b,a—b)=2 ¢]nged point equivalence classes, each with residue field K (2max(a*2b’0)f).

In this case, Type VI. consists of paths that ascend to the surface and then immedi-
ately descend at least once: (b, h,d) = (L,0,a — L).

VI;. If L =1, then there is one closed point equivalence class of such paths, with residue
field Q(2972).

VIs. If a = L 4+ 1 > 3, there is one closed point of equivalence classes of such paths, with
residue field Q(f).

VIs. If a > L + 2 > 4, then there are two closed point equivalence classes of such paths
with residue field Q(Qmax(a*%’o)f) and 2min(La—L)=2 _ 1 ¢loged point equivalence classes of
such paths with residue field K (2max(a—2L.0)5) 13

In this case, Type VIII. consists of paths that ascend to the surface, then take the
unique surface edge. The remaining portion of such a path, if any, must be a descent.
Thus we have a > L+ 1> 2 and (b, h,d) = (L,1,a — L —1).

VIII;. If a = L + 1, there is one closed point equivalence class of such paths, with residue

field Q(f).

13This means that there are no paths of the latter type if and only if a = L + 2.
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VIIL,. If a > L+2, there are 2min(La—1-L)=1 ¢]osed point equivalence classes of such paths,
each with residue field K (2max(a—2L=1.0)5)

7.5. Path type analysis V: ¢ = 2, ord2(Ag) = 3. In this case the isogeny graph has the
same structure as in the previous section, but with a different action of complex conjuga-
tion. Thus the classification of paths is the samfe as before, but with sometimes different
results on which of them are real.

As above Type V. consists of paths ascending but not to the surface and then descend at
least once: we need L > 2.

Vi. If L > 2, then for all a > 2 there is one closed point equivalence class of paths with
(b,h,d) = (1,0,a — 1). The residue field is Q(2¢~?f).

Vo. If L > a > 3, there is one closed point equivalence class of paths with (b, h,d) =
(a —1,0,1). The residue field is Q(f).

Vs. If 2 < b < min(L — 1,a — 2), there are paths with (b, h,d) = (b,0,a —b). They fall into
gmin(b,a=b)=2 ¢losed point equivalence classes, each with residue field K (2max(@—2b.0)5),

As above Type VI. consists of paths that ascend to the surface and then immediately
descend at least once: (b,h,d) = (L,0,a — L).

VI;. If L =1, then there is one closed point equivalence class of such paths, with residue
field Q(2%72f).

VIo. If a = L+ 1 > 3, there is one closed point of equivalence classes of such paths, with
residue field Q(f).

VIs. If a > L +2 > 4, then there are 2™"(£:¢=L)=2 ¢losed point equivalence classes of such
paths, with residue field K (2max(e=2L.0)5),

Type VIII. as above consists of paths that ascend to the surface, then take the unique
surface edge. The remaining portion of such a path, if any, must be a descent. Thus we
have a > L+ 1> 2 and (b, h,d) = (L,1,a — L —1).

VIII;. If a = L + 1, there is one closed point equivalence class of such paths, with residue
field Q(f).

VIII,. If a > L + 2, there are 2 closed point equivalence classes of such paths with residue
field Q(2max(a=2L=1.0)§) and 2min(la—1-L)=1 _ 1 ¢losed point equivalence classes of such

classes with residue field K (2maX(“*2L*1’0)f).

8. PRIMITIVE RESIDUE FIELDS OF CM POINTS ON XO(W',EG)/Q

Let A = f2Ak be an imaginary quadratic discriminant with Ay < —4. The main goal of
this work is the determination of the A-CM locus on the curves Xo(M, N) g for M | N.
In the case of Xy(¢*) for a prime power ¢* we record the residue field of every closed A-CM
point, with multiplicities, in the Appendix of this version of the paper: there are 95 cases.
The work of the present paper allows for a complete enumeration in the Xo(M, N) /Q case,
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but the answer would be quite lengthy and the process of recording it would be quite te-
dious.

It turns out that for most purposes (including every application in the present paper)
it is just as useful to record primitive residue fields. If X (H) /0 1s a modular curve, then
we say a closed A-CM point P € X(H) is primitive if there is no other A-CM point
Q € X(H) together with an embedding of the residue field Q(Q) into the residue field of
Q(P) as a proper subfield. This is a natural definition because for any number field F,
there is an F-rational A-CM point on X (H) if and only if some residue field of a primitive
A-CM point embeds as a subfield of F.

In this section we record all primitive residue fields of A-CM points on X (ﬁa/, ) /s Where
¢ is a prime number and 0 < ¢’ < a.

Throughout we put
L = ord(f).

8.1. Xo(¢*). First we address the case of a’ = 0, i.e., of Xo(¢*). The results could be
deduced from the tables of the Appendix, but it is quicker to derive them directly using
the techniques of §7.

Here is the complete description of primitive residue fields of A-CM points on X(¢):

Case 1.1: Supose (¢ = 2.

Case 1.1la: Suppose (%) # —1. The primitive residue field is Q(f) (which equals Q(2f)
when (%) =1).

Case 1.1b: Suppose (%) = —1. The primitive residue field is Q(2f).

Case 1.2: Suppose (¢ > 2 and (%) = 1. The primitive residue fields are Q(¢%f) and K ().
Case 1.3: Suppose £* > 2 and (%) = —1. The primitive residue field is Q(¢f).

Case 1.4: Suppose (* > 2, (%) =0 and L = 0. The primitive residue field is Q(¢2~f).
Case 1.5: Suppose £ > 2, L > 1 and (ATK) =1.

Case 1.5a: Suppose a < 2L. In this case there is a Q(f)-rational cyclic £*-isogeny, so the
only primitive residue field is Q(f).

Case 1.5b: Suppose a > 2L. Then the primitive residue fields are Q(£2~2Lf) and K (f).
Case 1.6: Suppose £ > 2, L > 1, and (ATK) = -1

Case 1.6a: Suppose a < 2L. As in Case 1.5a, there is a Q(f)-rational cyclic £%-isogeny, so
the only primitive residue field is Q(f).

Case 1.6b: Suppose a > 2L. In this case the primitive residue field is Q(¢£2~2L7).

Case 1.7: Suppose £ > 2, L > 1, (ATK> =0.

Case 1.7a: Suppose a < 2L+ 1. As in Case 1.5a, there is a Q(f)-rational cyclic £*-isogeny,
so the only primitive residue field is Q(f).
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Case 1.7b: Suppose a > 2L + 2. In this case the primitive residue field is Q(¢£2~2L~15).
Case 1.8: Suppose £ =2,a>2, L >1, and (ATK) =1

Case 1.8a: Suppose L = 1. The primitive residue fields are Q(2%f) and K (f).

Case 1.8b: Suppose L > 2 and a < 2L — 2. The primitive residue field is Q(f).

Case 1.8c: Suppose L > 2 and a > 2L — 1. The primitive residue fields are Q(24~2-+2f)
and K(f).

Case 1.9: Suppose £ =2,a>2, L > 1, and (ATK) =—1.

Case 1.9a: Suppose L = 1. The primitive residue fields are Q(2%f) and K (2¢~2f).

Case 1.9b: Suppose L > 2 and a < 2L — 2. The primitive residue field is Q(f).

Case 1.9c: Suppose L > 2 and a > 2L — 1. The primitive residue fields are Q(24~2:+2f)
and K(2max(a—2L,0)f)'

Case 1.10: Suppose £ =2,a>2, L > 1, (ATK> =0, and ords(Ag) = 2.

Case 1.10a: Suppose a < 2L. The primitive residue field is Q(f).

Case 1.10b: Suppose a > 2L + 1. The primitive residue fields are Q(2% 2f) and
K(QQ_QL_lf).

Case 1.11: Suppose £ =2, a > 2, L > 1, (ATK> =0, and ordz(Ag) = 3.

Case 1.11a: Suppose a < 2L + 1. The primitive residue field is Q(f).

Case 1.11b: Suppose a > 2L + 2. The primitive residue field is Q(22~21~1f).

8.2. Xy(2,2%), A even. Next we suppose that a’ > 1. Every closed A-CM point P e
Xo(£¥, £%) is induced by a A-CM elliptic curve E Jq(p) that admits a Q(P)-rational cyclic
{?-isogeny and also has Galois acting on E [E“/] by scalar matrices, and (since A < —4) the
point P determines E up to quadratic twist. When ¢% = (@ = 2 there are two other ways
to describe the same level structure on £ 1Q(P)’ first that E has full 2-torsion defined over

Q(ﬁ) and second that E has two independent 2-isogenies defined over Q(ﬁ)

Let
o Xo(0,0%) — Xo(0%)
be the natural map, a Q-morphism of degree (¢ — 1)/2¢ =1 and let P := w(P). Then

Q(P) = Q(P)(PE[)).
By adjusting E Q(P) by a quadratic twist, we may assume that E arises by base change
from an elliptic curve defined over Q(j(E)), putting us in a position to apply Theorem 6.10.

Suppose first that £ = 2 and A is even. Then by Theorem 6.10a) and the above dis-
cussion, we have that Q(P) is the compositum of Q(P) and a number field isomorphic
to the rational ring class field Q(2f). We may assume without loss of generality that
J(E) = ja = j(C/O(A)). In this case, the projective torsion field Q(f)(E[2]) is a qua-
dratic extension of Q(f), hence Galois. Indeed it is equal to Q(2f) = Q(jsa) and not
just isomorphic to it, e.g. because this field is also the field of moduli of the isogeny



58 PETE L. CLARK
C/OAA) — T/O(A).

This observation allows us to easily write down primitive residue fields of A-CM points on
X0(2,2%) in terms of primitive residue fields of A-CM points on X(2%).

e If the primitive residue field of a A-CM point on X((2%) is Q(2¢f) for some ¢ > 0
(depending on A and a), then the primitive residue field of a A-CM point on X (2) is

Q(2f) ifec=0

QN = {Q(ch) N

o If the primitive residue fields of a A-CM point on X¢(2%) are Q(2°f) and K (2°f) with 0 <
¢ < b, then the primitive residue fields of A-CM points on X(2%) lie among Q(2™x(b:1)f)
and K (222x(:D): both occur if b > 1; if b < 1, then Q(2f) is the primitive residue field.

Here is the complete description of primitive residue fields of A-CM points on X((2,2%):
Case 2.0: a = 1. The primitive residue field is Q(2f).
Throughout the other cases we shall assume a > 2.

Case 2.1: L =0 and ordy(Ag) = 2. The primitive residue fields are Q(2¢f) and K (22~ 1f).
Case 2.2: L =0 and ordy(Ag) = 3. The primitive residue field is Q(247 ).

Case 2.3: (ATK) =1 and L = 1. The primitive residue fields are Q(2%f) and K (2f).
Case 2.4: (ATK) =1, L >2and a < 2L — 1. The primitive residue field is Q(2f).

Case 2.5: (ATK> =1, L > 2 and a > 2L. The primitive residue fields are Q(2¢~2L+2f)
and K (2f).

Case 2.6: (ATK = —1, L =1 and @ = 2. The primitive residue fields are Q(2%f) and

K (2f)

Case 2.7: (ATK> = —1, L =1 and a > 3. The primitive residue fields are Q(2%f) and
K(2°7?%).

Case 2.8: (ATK) =—1, L >2and a < 2L — 1. The primitive residue field is Q(2f).

Case 2.9: (ATK> —1, L > 2 and a = 2L. The primitive residue fields are Q(2%f) and
K (2f)

Case 2.10: (ATK) = —1, L > 2 and a > 2L 4+ 1. The primitive residue fields are
@(2a72L+2f) and K(Qafﬂ‘f).

Case 2.11: orda(Ag) =2, L > 1 and a < 2L + 1. The primitive residue field is Q(2f).

Case 2.12: orda(Ag) = 2, L > 1 and a > 2L + 2. The primitive residue fields are
Q(2*725f) and K (2072E71f).
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Case 2.13: orda(Ag) =3, L > 1 and a < 2L + 1. The primitive residue field is Q(2f).
Case 2.14: ordy(Ag) = 3, L > 1 and a > 2L + 2. The primitive residue field is
Q).

8.3. X((2,2%), A odd. Suppose that /4 > 2 or A is odd. Then Theorem 6.10 shows that

Q(P) = Q(P)K (£F).

As we have seen in §8.2, the possibilities for Q(P) are either:
(1) Q(¢*f) for some b > 0, or
(I1.) Q(¢°f) and K (£¢f) for some 0 < ¢ < b.

It follows that there is always a unique primitive residue field:

In Case (I.), the primitive residue field is K (¢™ax(a".0)5),
In Case (IL.), the primitive residue field is K (¢£22x(@"0)f),

Here is the complete description of primitive residue fields of A-CM points on X(2,2%)
when A is odd:

Case 3.1: If a = 1, the primitive residue field is K (2f).
Case 3.2: If a > 2 and (%) = 1, the primitive residue field is K(2f) = K (§).
Case 3.3: If a > 2 and (%) = —1, the primitive residue field is K (2%f).

Remark 8.1. F. Najman pointed out to me that for all N € Z*, the modular curve
Xo(4N) /g is isomorphic to the modular curve Xo(2,2N). This comes from an isomorphism
of moduli problems:

[E,Cyn]| — [E/Ca,C4/Ca,Cyn/Cs],

where Cyy is a cyclic subgroup of E of order 4N and for n | 4N, we denote by C,, the
unique order n cyclic subgroup of Cyy.'* This provides an alternate approach to CM
points on X(2,2%).

8.4. Xo(éal,ﬁa) with ¢ > 3. Here is the complete description of primitive residue fields
of A-CM points on Xo(¢%, £*) when ¢% > 3:

Case 4.1: If (ATK> = 1, the primitive residue field is K (¢9f).

Case 4.2: If (ATK> = —1, the primitive residue field is K (¢max(a’.a=2L)5),

Case 4.3: If (ATK> = 0, the primitive residue field is K (¢max(a’0=2L=1)5)

14This isomorphism is somewhat curious, as the function fields Q(Xo(2,2N)) and Q(Xo(4N)) have the
same degree over Q(X (1)) but are not conjugate as subfields of Q(X (4N)).
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8.5. The Dreaded Case 1.5b). Let us look back at Case 1.5b): we have a prime power
£% with £ > 2, (ATK) =1, L > 1 and a > 2L. In this case we have not just two primitive

residue fields of A-CM points on X((#?) but also two primitive degrees: 2 and ¢22L,

Suppose M | N are positive integers and A < —4. By Theorem 1.2 the multiset of
degrees of closed A-CM points on X;(M, N) is obtained from the multiset of degrees of
closed A-CM points on Xo(M, N) by multiplying by max(@, 1). It follows that there is
more than one primitive degree of a A-CM closed point on Xo(M, N) if and only if there is
more than one primitive degree of a A-CM closed point on X; (M, N), which by the work
of [BC20b] can only happen if M < 2.

Coming back to the case M =1, N = £* with £ > 2, (ATK> =1, L>1and a > 2L, we
find that the primitive degrees of closed A-CM points on X;(¢*) are

a 2a—2L—-1 a
90(26 ) .ga—Qng 2(6 1) and 90(26 ) .2290(6@):@1—1(6_1)'
The existence of multiple primitive degrees in this case was previously shown in [BC20b,
Example 6.7]. In that work the least degree of a A-CM point on X3 (M, N) was determined
(for all A and M | N); by [BC20b, Thm. 6.6] the least degree in this case is indeed
de = (%) = (1(¢ — 1). In [BC20b, Example 6.7] the other primitive degree dj was not
determined precisely (nor was it shown there was exactly one other primitive degree), but
rather a Galois-theoretic argument was used to show that ords(dp) < orda(d.). We see now

- €2a—2L—1(Z_1) .
that d, = ————— and thus ordy(d,) = ordz(d.) — 1.

9. CM POINTS ON Xo(M,N) g

Throughout this section A = f2Ax with Ag < —4 and M | N are positive integers. Here
we put the pieces together to determine the A-CM locus on Xo(M, N) /g

In §9.1 we explain how the compiling across prime powers process works in general. Just
as in the previous section, we do not attempt to exhaustively record the answers. In §9.2
give an explicit (albeit somewhat complicated) description of all primitive residue fields
and primitive degrees.

9.1. Compiling Across Prime Powers. For a prime number ¢ and integers 0 < a’ < a,
the fiber F' of Xo(¢%,¢*) — X (1) over the closed point Ja is a finite étale Q(Ja)-scheme:
that is, it is isomorphic to a product of finite degree field extensions of Q(f). More precisely,

there are non-negative integers b, ..., bq, C1,...,cq such that F' = Spec A, where
a a
(10) A=TTewpb x [T K@=
§=0 k=0

When o’ = 0, the explicit values of the b;’s and ¢;,’s are given by the tables in the Appendix.
On the other hand, when either ¢¢ > 3 or (E“/ = 2 and A is odd), by Theorem 6.10 we
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have b; =0 for all 0 < j < a.

We now explain how the previous results allow us to compute the fiber ' = Spec A of
Xo(M,N) — X(1) over Ja for any positive integers M | N, where M = ETII 0% and
N =19 For 1 <i <r,let F; = Spec A; be the fiber of XO(K?;J?Z') — X(1) over
Ja. By Proposition 3.5 we have

(11) A= AL Bg(ra) - Bg(ia) Ar

It follows that A is isomorphic to a direct sum of terms of the form

B = B1®q() - @q) Brs

where for 1 <7 <r we have that B; is isomorphic to either Q(ﬁ‘zi f) for some 0 < j; < a or
to K (#7if) for some 0 < j; < a. In the former case, it follows from Proposition 2.10a) that

Q) ®qq) - - © QUETf) = Q! - - 7).

Suppose now that some B; contains K, and let the number of such 1 <i < r be s. In this
case, it follows from parts b) and c) of Proposition 2.10 that

B K. an)¥
From this we deduce:

Theorem 9.1. Let A = Ak be an imaginary quadratic discriminant with A < —4.
Let M | N € Z*. Let P be a A-CM closed point on Xo(M,N).

a) The residue field Q(P) is isomorphic to either Q(MF) or K(MfF) for some M | N.
b) Let M = ({*--- {8, N = (" ---L% be the prime power decompositions of M and
N. For1 <i<wr, letm: Xo(M,N)— Xo(ﬁsé,ﬁfi) be the natural map and put
P; .= m;(P). The following are equivalent:
(i) The field Q(P) is formally real.
(ii) The field Q(P) does not contain K.
(iii) For all 1 <i <, the field Q(P;) is formally real.
iv) For all 1 <i <, the field Q(P;) does not contain K.

9.2. Primitive Residue Fields and Primitive Degrees I. In this section we treat the
(harder) case in which (M =1) or (M = 2 and A is even).

In these cases there is always a closed A-CM point on Xo(M, N) with residue field isomor-
phic to Q(NVf), and from this it follows that there is exactly one B | N for which there
is a primitive residue field isomorphic to Q(Bf): this residue field is obtained by taking,

for each 1 <4 < r, the natural number b; to be the least integer B; such that Q(ﬁfif) is
isomorphic to the residue field of some A-CM point on Xo(éa" £7%), and we have

AR

B=fh.. i,
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There is at most one other primitive residue field of a A-CM point on Xo(M, N), necessarily
of the form K (Cf) for some C' | N: this additional primitive field occurs if and only if there
are two primitive residue fields for A-CM points on XO(E?;,K;-“) for some 1 < ¢ < r, in
which case for 1 < g ,§ r we let ¢; be the least natural number C; for which there is a
A-CM point on Xo(£;",£5") with residue field isomorphic to either Q(ﬁicif) or to K (Zicif);
then we have

C =5 (e,

We are also interested in when there is a unique primitive degree [Q(P) : Q] of A-CM
closed points P € Xo(M, N). This occurs if there is a unique primitive residue field Q(Bf).
In the case of two primitive residue fields Q(bf) and K(C¥), we put

b= [Q(Bf) : Q), ¢ = [K(C]): Q,

and then we still have a unique primitive degree if and only if one of b and c divides the
other. As we will soon see, we always have ¢ < b (our analysis shows that this holds on
Xo(éai,ﬂai) in every case, and the general case follows easily from this) so the question
comes down to determining whether ¢ | b. It is easy to see that for this divisibility to hold
it is sufficient for the analogous divisibility to hold at every prime power. However it turns
out that a divisibility that is “lost” at one prime power can be “regained” at a different
prime power. This makes the form of the final answer a bit complicated, even though the
proof amounts to keeping track of a bunch of factors of 2.

The following table records information about primitive degrees in the prime power case.
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Case b dy = [Q(£) : Q(f)] c de = [K(€) : Q)] | do | db?
1.1a) 0 1 - - -
1.1b) 1 3 - - -
1.2 a = —1) 0 2 Y
1.3 a 7+ 1) - - -
1.4 a—1 a1 - - -
1.5a) 0 1 - - -
1.5b) | a—2L ga—2L 0 2 N
1.6a) 0 1 - - -
1.6b) | a—2L (a—2L - - -
1.7a) 0 1 - - -
1.7b) |a—2L -1 ga—2-1 - - -
1.8a) a 2¢ 0 2 Y
1.8b) 0 1 - - -
1.8¢c) |a—2L+2 2a-2L+2 0 2 Y
1.9a) a 20 a—2 20-1 Y
1.9b) 0 1 - - -
1.9¢) |a—2L+2 202142 a—2L 20-2L+1 Y
1.10a) 0 1 - - -
1.10b) | a—2L ga—2L a—2L—1 202 Y
1.11a) 0 1 - - -
1.11b) | @ — 2L — 1 20—2L—1 - - -
2.0 1 2 - - -
2.1 a 20 a—1 20 Y
2.2 a—1 20-1 - - -
2.3 a 20 1 4 Y
2.4 1 2 - - -
25 |a—2L+2 202142 1 4 Y
2.6 2 4 1 4 Y
2.7 a 20 a—2 20-1 Y
2.8 1 2 - - -
2.9 2 4 1 4 Y
210 |a—2L+2 20-2L+2 a—2L 20— 2L+1 Y
2.11 1 2 - - -
2.12 a—2L ga—2L a—2L-1 202k Y
2.13 1 2 - - -
214 |a—2L—1 ga—2L—1 - - -

The key takeaway here is that d. | dp in every case except Case 1.5b).

Theorem 9.2. Let A = 2Ag be an imaginary quadratic discriminant with A < —4,
and let M = f‘lzl ol | N = -9 We suppose that M € {1,2}. For 1 <i <,
let b; > 0 be the unique natural number such that Q(f?"f) occurs up to isomorphism as a
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primitive residue field of a closed A-CM point on Xo(ﬁ?g,ﬁﬁ"). Let ¢; be equal to b; if there

!
a;

is a unique primitive residue field of A-CM points on Xo(¢;*,0;") and otherwise let it be
such that the unique non-real primitive residue field of a closed A-CM point on XO(K?Z'J;”)

is K(4;'f). Put B = o b and C = (S (. Let s be the number of 1 < i < r such
that there is a non-real primitive residue field of a closed A-CM point on XO(E?,E?).
a) If s =0, the unique primitive residue field of a A-CM point on Xo(M, N) is Q(Bf),
so the unique primitive degree of a A-CM point on Xo(M,N) is [Q(Bf) : Q).
b) If s > 1 and there is some 1 < i < r such that there are two primitive residue fields

of closed A-CM points on XO(E?Q,K?) and we are not in Case 1.5b) with respect to
A and ", then:
(i) There are two primitive residue fields of A-CM points on Xo(M,N): Q(Bf)
and K(C¥).
(ii) The unique primitive degree of A-CM points on Xo(M,N) is [K(CT) : Q].
c) If s > 1 and for all 1 < i < r such that there are two primitive residue fields
of closed A-CM points on Xg(ﬁa; 02%) we are in Case 1.5b), then there are two

R

primitive degrees of A-CM points on Xo(M,N): [Q(Bf) : Q] and [K(C¥) : Q].

Proof. Step 1: The case s = 0 follows from the discussion above. Henceforth we suppose
s > 1. In this case there are (up to isomorphism) two primitive residue fields of A-CM
closed points on Xo(M, N): Q(Bf) and K(Cf). Put
b = [Q(Bf) : Q(f)], ¢ = [K(CT) : Q(f)].

For each 1 < i <, let F; be a primitive residue field of a closed point of a A-CM elliptic
curve on XO(E?,E?Z'); if there is any non-real such field, we take F; to be nonreal. Since
for each i such that there are two primitive residue fields Q(ﬁfif) and K ({;'f) we have
[K(£5%) - Q] < [Q(EY) : @], it follows that

dimgp) Fi ®qq) -+ ®q() Fr < dimggy) QM) Sqq) - - - g QUET) = [Q(BF) : Q(f)]-
Since also
(12) Fy@qq) - ®gq) Fr = K(CHY

it follows that ¢ < b. Thus there is a unique primitive degree if and only if c | b.
Step 2: Since K(Cf) C K(Bf) = KQ(Bf), we have c | 2b. In particular, we have ord,(c) <
ord,(b) for every odd prime p. Moreover we have

ordy(e) = 1+ ordy ([Q(CT) : Q(P]) = 1+ Y _[Q(EF) : Q(f)]
=1

r

ordy (b) = ordx([Q(Bf) : Q(H)]) = >_[QUF.Q(F)],

i=1
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so in the s > 1 case it follows that ¢ | b iff there is some 1 < i < r such that there are two

primitive residue fields of A-CM closed points on Xy (ﬁ?;,ﬁ‘;i) for which we have

orda([Q(£F) = Q(f)]) < ordz([Q(E*) : Q(F)],
which holds iff

ordz([K (¢F) : Q(P)]) < orda([Q(£) = Q(f)-
Consulting the Table above, we see that this holds in every case in which there are two
primitive residue fields ezcept Case 1.5b). O

9.3. Primitive Residue Fields and Primitive Degrees II. In this section we treat
the case in which (M = 2 and A is odd) or M > 3. In this case it follows from §8.3, 8.4 and
9.1 that there is always a unique primitive residue field, which is a ring class field K (CY).

Here C is computed as follows: let M = f‘ll/l 5?/* and N = (7' 0% Fix 1 <i<r.
If the only primitive residue field of a A-CM point on Xo(£:%, £7) is Q(£°f), put ¢; = c.

If the primitive residue fields of a A-CM point on XO(E?;,K;“) are Q(¢°f) and K (£¢f), put
¢; = c. If the only primitive residue field of a A-CM point on XO(E?Z',K?) is K (£°f), put
¢; = c. Finally, put

C =]l

10. CM PoiINTS OF ODD DEGREE

In this section we will determine all triples (A, M, N) for which there is an odd degree A-
CM point on Xo(M, N). For each such triple there is a unique primitive (i.e., not a proper
multiple of any other degree of a A-CM point on Xo(M,N)) odd degree and we deter-
mine that. From this it follows that for every (M, N) such that Xo(M, N) has odd degree
CM points, all such points have degree multiples of the least such degree doqq.cm(Xo(V)),
which we compute. Since all CM elliptic curves over number fields are Q-curves, these
results complement recent work of Cremona and Najman, especially [CN21, Thm. 1.1].

Using the close relationship between degrees of CM points on Xo(M, N) and degrees of
CM points on X;(M,N) given by Theorem 1.2 for A < —4 and [CGPS, Thm. 3.7] for
A € {—4, -3}, we deduce analogous results for odd degree CM points on X; (M, N). Thus
we recover variants of results of Bourdon-Clark [BCS17] and Bourdon-Pollack [BP17].

10.1. Some Preliminaries. If 7: X — Y is a finite Q-morphism of nice curves and P is
a closed point of X, then we have an inclusion of residue fields Q(7(P)) C Q(P), and thus
the degree of 7(P) divides the degree of P. Applying this observation to the morphism
7 Xo(N) — X (1) we see that in order for a A-CM point P on Xo(V) to have odd degree
it is necessary that [Q(7(P)) : Q] = ha be odd. It follows from Lemma 2.8 that

hais odd <= A€ {-4,—-8,-12,—16} or A = —2¢2L+1
where € € {0,2}, /=3 (mod 4) is a prime number and L € Z*.

Lemma 10.1. (a) Let P be an odd degree A-CM point on Xo(4). Then A € {—4,—16}.
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b) For A € {—4,—16}, the unique primitive degree of a A-CM point on Xo(4) is 1.

Proof. a) Let A = f2Ak. Because Xo(4) = X1(4), it follows from a result of Aoki [A095]
(see also [BCS17, Thm. 5.1]) that Ax = —4. Since ha must be odd, as above it follows
that A € {—4, -16}.

b) Consider the elliptic curves

(E1) g y? = 23 + 4z, (E2) /g y? =23 — 11z + 14.
Then E) has —4-CM, E5 has —16-CM and E;(Q)[tors] = E»(Q)[tors] = Z/4Z. O
It turns out that there are very few odd degree CM points on Xo(M, N) with M > 2.

Proposition 10.2. a) Let 2 < M | N, and let P be an odd degree A-CM point on
Xo(M,N). Then M = N =2 and A = —4.
b) The unique primitive degree of a —4-CM point on X¢(2,2) is 1.

Proof. a) Put A = f2Ak. Let P be an odd degree A-CM point on Xo(M, N) with M > 2.
e Suppose first that M is divisible by a prime £ > 3. Then there is an odd degree A-CM
point on Xo(¢,¢). If Ag < —4 this is ruled out by Theorem 6.10. If Ax = —3 and £ > 5
we will show in Proposition 10.8 below that there is not even an odd degree A-CM point
on Xo(1,¢). Finally, if Ax = —3 then we have X(3,3) = X1(3,3), so the constant subfield
of Q(X(3,3)) is Q(¢3) and every closed point on X(3,3) has even degree.
e Thus M must be a power of 2, and there is an odd degree A-CM point on X(2,2) =
X1(2,2). By work of Aoki [A095] and Bourdon-Clark-Stankewicz [BCS17, Thm. 5.1b)]
we must have A = —4. This same work shows that there is no odd degree CM point on
X1(2,4) = Xo(2,4).
b) The elliptic curve E/q : y* = 23 — 2 has —4-CM and E(Q)[tors] = Z/2Z x Z./2Z. O

In view of Proposition 10.2 we restrict our attention to Xo (V).
10.2. A = -8.

Proposition 10.3. For N € Z*, the curve Xo(N) g has an odd degree —8-CM point iff
N € {1,2}, in which case the unique primitive degree of —8-CM points is 1.

Proof. Because h_g = 1, there is a Q-rational —8-CM point on X (1). By §8.2, Case la)
there is a Q-rational —8-CM point on X(2). By Lemma 10.1 there is no Q-rational —8-CM
point on Xy(4). It remains to rule out the odd degree —8-CM points on X(¢) for an odd
prime £. It follows from §10.2, Cases 2 and 3 that a primitive residue field of a —8-CM
point on X(¢) is isomorphic to a rational ring class field of discriminant —8¢/2 or to the
ring class field of discriminant —8, both of which have even degree. U

10.3. A € {—4,-16}.

Proposition 10.4. Let N,f € Z*, let A = —4f% and let P € Xo(N) be a A-CM point of
odd degree. Then:

a) We have N € {1,2,4} and A € {—4,—16}.
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b) Conversely, for N € {1,2,4} and A € {—4,—16}, the unique primitive degree of a
A-CM point on Xo(N) is 1.

Proof. As above we need ha to be odd, and thus A € {—4, —16}.

a) We claim that we cannot have N = ¢ for an odd prime ¢. Indeed, let E be a A-CM
elliptic curve and ¢ : E — E’ be an f-isogeny. Then ¢ can be proper iff there is an ideal I
of O(A) of norm ¢, which occurs iff £ =1 (mod 4). In this case there are two such ideals
that are interchanged by complex conjugation, so the field of moduli of ¢ has even degree.
Otherwise ¢ is descending, so Q(p) contains the rational ring class field of discriminant
?2A, which by Proposition 2.1b) has even degree. Thus N must be a power of 2.

e We claim that we cannot have N = 8.

Let ¢ : E — E’ be a cyclic 8-isogeny of odd degree such that E has —4-CM and E’ has
(—22L. 4)-CM. Because the ring class fields of conductor —22" - 4 have even degree for all
L > 2, we must have L € {0,1}. If L = 0 then the isogeny is proper and thus is isomorphic
to E — E/E[I] for a primitive 8-ideal I of O(—4). Since every ideal of 2-power order in
the Dedekind domain is a power of the unique prime ideal ps of norm 2 and p3 = (2), there
is no primitive 8-ideal. If L = 1 then the path in the isogeny graph, since must consist
of vertices of level 0 and 1, must include a downward edge followed by an upward edge,
and by uniqueness of the upward edge from the unique vertex at level 1, this must be an
isogeny followed by its dual isogeny, hence ¢ is not cyclic.

Now let ¢ : E — E’ be a cyclic 8-isogeny of odd degree such that E has —16-CM.
As above, E' must have either —4-CM or —16-CM. If E’ has —4-CM, then ¢" is a cyclic
8-isogeny of the type that was ruled out above. If E’ has —16-CM, then ¢ is a proper
8-isogeny of odd degree, hence of the form E — E/[I] for a primitive, proper real ideal I.
By [BCS17, Thm. 3.7] there are no such ideals in the quadratic order O(—16). Thus N | 4.
b) This follows from Lemma 10.1. O

10.4. A=+ 3 < (=3 (mod 4), L € N.

Proposition 10.5. Let ¢ be a prime number such that ¢ = 3 (mod 4) and ¢ > 3. Let
LeN, let NeZt, and put A = —¢2L+1,
a) If there is an odd degree A-CM point on Xo(N), then N € {{*,2(*} for some
a€c€Z".
b) Leta € Z". There is an odd degree A-CM point on Xo(¢*), and the unique primitive
degree of such a point is h_, - ¢Lmax(a=2L—1,0)
c) Let a € ZT. There is an odd degree A-CM point on Xy(2(%), and the unique
3h_y - pLAmax(a=2L=10) ;i p =3 (mod 8)

imitive d h int 1 .
primitive degree of such a point is {h_g pLAmax@=2L-10)  ifp =7 (mod 8)

Proof. a) As in the proof of Proposition 10.3 above, it suffices to show that there is no odd
degree A-CM point on Xo(N) when N = 4 or N = p for a prime p { 2. Both are ruled
out using Cases 2 and 3 of §9.2, as above.

b) This follows from Case 7 of §9.2 and the identity h_j2r+1 = h_p-£* (cf. Corollary 2.1c)).
c¢) By Case 1 of §9.2, the unique primitive residue field of a A-CM point on X(2) is Q(2f).
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It follows that the unique odd degree primitive residue field of a A-CM point on X(2¢%) is
the rational ring class field of discriminant —4 - ¢2L+2max(a=2L=1.0)+1 "which has the degree
claimed in the statement. ]

10.5. A= —4. 24413 < ¢ =3 (mod 4), L € N.
Proposition 10.6. Let 3 < £ = 3 (mod 4) be a prime, let L, N € Z*, and put A =

4. 2L+
a) If there is an odd degree A-CM point on Xo(N), then N € {{*,2(°} for some
acZt.
b) Leta € ZT. There is an odd degree A-CM point on Xo(¢*), and the unique primitive

degree of such a point is h_, - ¢Lmax(a=2L=1,0)
c) Let a € ZT. There is an odd degree A-CM point on Xy(2(%), and the unique

primitive degree of such a point is (2 — (%) h_g - ¢Ltmax(a—2L—1,0)

Proof. The proof is very similar to that of Proposition 10.5 and may be left to the reader.
O

10.6. A Useful Lemma.

Lemma 10.7. Let A be an imaginary quadratic discriminant, let K = Q(\/K), and let
M | N with N > 3. Let d be the least degree of a A-CM point on Xo(M, N). Suppose that:
(i) The least degree d of a A-CM point on X, (M, N) q is equal to the least degree di of
a A-CM point on X1(M, N) k.
(i) We have d = @ -d.
Then d is the unique primitive degree of A-CM points on Xo(M, N).

Proof. By [BC20b, Thm. 4.1], we have that d is the unique primitive degree of a A-CM
point on X1(M, N)/g. Under the natural unramified degree 2 morphism v : Xy (M, N) /i —
X1(M,N) g if v € X1(M, N) /i is a closed point, then deg(v(x)) € {deg(z),2deg(x)}, so
it follows that d is also the unique primitive degree of a A-CM closed point on Xo(M, N) Q-
Now consider the natural covering 7 : X;1(M,N) — Xo(M,N), let P € Xo(M,N) be a
A-CM closed point, and let P € X1(M, N) be any closed point such that 7(P) = P. Since

()

the corresponding extension of function fields is Galois of degree =5, there is a positive

integer f | @ such that
deg(P) = fdeg(P).

J— d | deg(P)

e(N)/2°  f
For all triples (A, M, N) the quantity dg is computed in [BC20b, Thm. 4.1], the quantity
d is computed in [BC20b, §8]. When M = 1 the quantity d is computed in [CGPS, Thm.

3.7]. Thus when M = 1 (the case of interest to us here) we are always in a position to
know whether Lemma 10.7 applies.

It follows that

= deg(P). O
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Let us give a more explicit desription of the triples (A, 1, N) for which the conditions
(i) and (ii) of Lemma 10.7 applies.

Whether (i) holds depends on the prime power factorization N = ¢* - - - £¢"; the condition
(i) holds for (A, 1, N) iff it holds for (A,1,¢") for all 1 <1 < r. Condition (i) holds for
all (A,1,2). If (%) = 1 and ¢* > 2, then condition (i) does not hold for (A,1,¢%). If
(%) = —1 then condition (i) holds for (A,1,¢%). When ¢* > 2 and ¢ | A the conditions
are a bit complicated, and we refer to [BC20b, Prop. 6.4 and Thm. 6.5] for the complete
answer but only record the following case for future use: for all a,f € Z*, condition (i)
holds for (—3f%,1,3%).

By Theorem 1.2, condition (ii) of Lemma 10.7 always holds when A < —4. By Theorem
[CGPS, Thm. 3.7], for (—4,1, N) this condition holds iff N is divisible either by 4 or by
some prime ¢ = 3 (mod 4), while for (—3,1, N) this condition holds iff N = 3 or N is

divisible either by 9 or by some prime ¢ =2 (mod 3).

10.7. A= —-32+1 L e N.

Proposition 10.8. Let A = —3f2 for some § € Z7.

a) Let N € Z*t be such that there is an odd degree A-CM point on Xo(N). Then
§f = 2¢3% with ¢ € {0,1} and L > 0. Moreover N is 1, 2, 3% for some a € Z* or
2-3% for some a € Z*.

b) Suppose A = —3.

(i) For N = 3% with a > 1, the unique primitive degree of a (—3)-CM point on
X()(N) is 3max(a—2,0)'

(ii) For N = 2-3% with a > 1, the unique primitive degree of a (—3)-CM point on
Xo(N) is 3¢71L.

c) Suppose A = —32+1 with L > 1.

(i) For N = 3% with a > 1, the unique primitive degree of a (—3*1T1)-CM point
on XO(N) is 3L—1+max(a—2L—1,0).

(ii) For N =2-3% with a > 1, the unique primitive degree of a (—3*:+1)-CM point
on X()(N) is 3L+max(a—2L—1,0)'

d) Suppose A = —4 - 32+ with L > 0. For N € {3%,2- 3%}, the unique primitive
degree of a A-CM point on Xo(N) is 3L+max(a—2L-1,0)

Proof. a) ¢ By Lemma 10.1, there is no odd degree A-CM point on X (4).

e We claim that for any prime £t 6, there is no odd degree (-isogeny ¢ : E — E’ with E a
A-CM elliptic curve. Since (%) = 0, every proper such isogeny would have its field moduli
containing the CM field K, hence of even degree. Otherwise the isogeny is decending and
the field of moduli would contain the rational ring class field of discriminant ¢?A, which
always has even degree.

b), c¢), d) In all of these cases the conditions of Lemma 10.7 apply and we get that there is
a unique primitive degree d of a A-CM point on Xo(N). Moreover [CGPS, Thm. 3.7] and
[BC20a, Thm. 7.2] compute this degree in terms of h_a, which is in turn easily computed
using h_3 = 1 and Corollary 2.1. d
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10.8. Compiling Across A. For a modular curve X (H),q we say that d € Z* is a prim-
itive CM degree if there is a closed CM point on X (H) of degree d and there is no closed
CM point on X (H) of degree properly dividing d.

It follows from our previous results that the pairs (M, N) for which the modular curve
Xo(M, N) admits an odd degree CM point are: (1,1), (1,2), (1,4), (1,¢*) for a prime £ = 3
(mod 4) and a € ZT, (1,2 - £*) for a prime £ = 3 (mod 4) and a € Z" and (2,2). In this
section, for each of these pairs (M, N) we will show that there is a unique odd primitive
CM degree dogq-cm(Xo(M, N)), compute doqa.cm(Xo(M, N)), and list all correspond-
ing imaginary quadratic discriminants: i.e., those A for which there is a A-CM point on
Xo(M, N) of degree doad-cm(Xo(M, N)).

By Proposition 7.2, the only pair (M, N) with M > 2 for which there is an odd de-
gree CM point on Xo(M, N) is (2,2). This result also shows that dogqa-cm(X0(2,2)) =1
and the corresponding discriminant is —4. Henceforth we take M = 1.

Proposition 10.9. We treat N € Z* for which there is a Q-rational CM point on Xo(N).

a) We have doga.cm(Xo(N)) =1 iff N € {1,2,3,4,6,7,9,11,14, 19, 27,43, 67, 163}

b) We have doag-cm(Xo(1)) = 1. The corresponding discriminants are —3, —4, —7,
—8, —11, —12, —16, —19, —27, —28, —43, —67, and —163.

c) We have doqa-cm(Xo(2)) = 1. The corresponding discriminants are —3, —4, —7,
~8, —12, and —16.

d) We have doag-cm(Xo(3)) = 1. The corresponding discriminants are —3, —12, and
—27.

e) We have doqa-cm(Xo(4)) = 1. The coresponding discriminants are —4 and —16.

f) We have doag-cm(Xo(6)) = 1. The corresponding discriminants are —3 and —12.

g) For N € {7,14}, We have doqq.cm(Xo(N)) = 1. The corresponding discriminants
are =7 and —28.

h) We have doqa-cm(X0(9)) = 1. The corresponding discriminants are —3 and —27.

i) For ¢ € {11,19,43,67}, we have doga.-cm(Xo(¢)) = 1. The corresponding discrimi-
nant is —/.

j) We have doga-cm(Xo(27)) = 1. The corresponding discriminant is —27.

Proof. We have dogq.cm(Xo(N)) = 1 iff the least degree of a CM point on Xy(N) is 1.
Since the degree of every A-CM point on Xy(N) is a multiple of the class number ha, we
must have ha = 1, and the list of such discriminants is the one given in part b): this is the
solution of the class number one problem due to Heegner, Baker and Stark. Conversely, for
each of the 13 class number one discriminants A, it is straightforward to use our previous
results on the primitive odd degrees of A-CM points on X (V) to find the set of all N € ZT
such that there is a Q-rational A-CM point on Xo(N). O

Theorem 10.10. Let ¢ = 3 (mod 4) be a prime number, and let a € Z*.
a) Suppose that £ > 3 and a is odd.
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(i) The unique primitive odd degree of a CM point on Xo(£*) is h_g - 05, The
—0* if =3 (mod 8)
—0* —4-4* f £ =T (mod 8)
(ii) The unique primitive odd degree of a CM point on Xo(20%) is (2— (g))h_g-ﬁagl .
The corresponding discriminants are —€* and —4 - £°.
b) Suppose £ >3 and a is even.
i e unique primitive odd degree of a point on X is h_pl%=. The corre-
i) The uni imitive odd d CM poi Xo(€2) is h_gt*/?. Th
—gomt —gatl if ¢ =3 (mod 8)
—pot g et el 4ot if =7 (mod 8)
(ii) The unique primitive odd degree of a CM point on Xo(2-£) is (2— (§))h_et®/2.
The corresponding discriminants are —¢2~1, —4 . ¢o=1 —patl 4. patl
c¢) Suppose that £ =3 and a > 3 is odd.
i e unique primitive o egree of a point on X 18 %3 The corre-
Th dd d CM Xo(3%) is 3
sponding discriminant is —3%.
a—1
(ii) The unique primitive odd degree of a CM point on Xo(2-3%) is 372 . The
corresponding discrminants are —3% and —4 - 3%.
d) Suppose that £ =3 and a > 4 is even.
(i) The unique primitive odd degree of a CM point on Xy(3%) is 3“2, The corre-
sponding discriminants are —3*1 and —3%t1.
(ii) The unique primitive odd degree of a CM point on Xo(2 - 3%) is 3%/2. The
corresponding discriminants are —3%~1, —4.3%71 _3.0%1 gnd —4 . 30+,

corresponding discriminants are

sponding discriminants are {

Proof. a),b) It follows from our previous results that for a prime ¢ with 3 < = (mod 4)
and @ > 1, if there is an odd degree A-CM point on Xo(£%), then A = —¢2L+1 or
A = —402F1 for some L > 0. Conversely, when this holds, for each L > 0 the unique
primitive odd degree —¢2+1-CM point on X(¢?) is computed by Proposition 10.5b): it
is always h_, times a power of £ that depends on a and L. Similarly, Proposition 10.6
computes for each M > 0 the unique primitive odd degree —4 - ¢2M+1_CM point on Xq(£%):
it is alwys (2 — (%) h_y times a power of £ that depends on a and M. Using these formulas
it is straightforward to find the values of L and/or M that minimize the degree and see
that this minimal degree divides the degree for each choice of L and M. The same holds
for Xo(2¢%) in place of Xy(¢*). We leave the details to the reader.

¢), d) This proved the same way parts a) and b), using Proposition 10.8 in place of Propo-
sition 10.5. Again we may leave the details to the reader. O

10.9. Odd Degree CM Points on X;(M, N).

Proposition 10.11. For A and M | N, the following are equivalent:

(i) There is an odd degree A-CM point on X1(M,N).

(ii) There is an odd degree A-CM point on Xo(M,N).
Proof. (i) = (ii) Let 7w : X1(M,N) — Xo(M, N) be the natural map. If P € X;(M,N)
is a A-CM closed point of odd degree, then 7(P) € Xo(M,N) is a A-CM closed point of
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odd degree.
(i) = (ii) Let P € Xo(M,N) be a A-CM closed point of odd degree. By our previous
results we have

(13) (M, N) €{(1,1),(1,2), (1,4), (1,£), (1,26%),(2,2) }

for a prime £ = 3 (mod 4) and a € Z*. For N € {1,2,4} the map « has degree 1, so the
result is clear. Otherwise N = 2°0% for some € € {0,1}. In this case we have
P) L1

d _rety) e-1
eg(m) 5 5

which (since £ = 3 (mod 4)) is odd. It follows that some lift of P to P € X;(M,N) is an
odd degree A-CM point. O

Corollary 10.12. Let A and M | N with N > 3 be such that there is an odd degree
A—CM closed point on Xo(M,N) (equivalently, on X1(M,N)).
a) Let d be the unique primitive odd degree of a A-CM point on Xo(M,N). Then the
unique primitive odd degree of a A-CM point on X1(M,N) is %) -d.
b) We have
p(N)

dodd-cm(X1 (M, N)) = 5 dodd-cm(Xo(M, N)).

c) Thus Theorem 10.10 computes dogd-cm(X1(M, N)) in all cases and also determines
the corresponding discriminants: they are precisely the same discriminants as for
Xo(M,N).

Proof. Part a) holds for A < —4 by Theorem 1.2. It holds for A € {—3,—4} because the
method of determination of the unique primitive odd degree CM point on Xo(M, N) in
these cases used Lemma 10.7, which includes this as a hypothesis. (In all cases in which this
result was applied, [CGPS, Cor. 3.7] was also applied, showing that the minimal degree of
a A-CM point on Xo(M, N) is odd.) The remaining parts follow immediately. O

10.10. Comments. The classification of pairs (M, N) for which there is an odd degree
CM point on X;(M, N) attained in Proposition 10.11 is essentially'® the Odd Degree The-
orem of Bourdon-Clark-Stankewicz [BCS17, Thm. 5.3]. That the set of such pairs (M, N)
is contained in the list of (13) had been obtained earlier by Aoki [A095].

The computation of doqq.ca(X1(M, N)) for all the (M, N) listed in (13) is essentially'®
the Strong Odd Degree Theorem of Bourdon-Pollack [BP17, Thm. 2.12]. Our computation
of the corresponding discriminants in each case — i.e., the complete list of A for which the
minimum odd degree CM point on X7 (M, N) is a A-CM point — is a further refinement, a

15The latter result is a bit more precise in that it determines which groups Z/MZ x Z/NZ arise as the
full torsion subgroup E(F)[tors] of a CM elliptic curve over some odd degree number field F', whereas the
present result determines which groups Z/MZ x Z/NZ can be embedded into E(F')[tors]. All discrepancies
between the two results are accounted for by the fact [BCS17, Thm. 4.2] that if A < —4 and A =1 (mod 8)
then every A-CM elliptic curve defined over a number field must have an F-rational point of order 2.
165ame proviso as above.
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“Stronger Odd Degree Theorem.” However there is also [BP17, Remark 2.7], which gives
most (but not all) of the restrictions on the corresponding discriminants in the case N = ¢°.
That this is a Remark rather than a result seems to indicate that Bourdon and Pollack
were not as interested in this refinement; it may well be that they could have proven the
Stronger Odd Degree Theorem for X; (M, N) using their methods.

The relationship between odd degree CM points on Xo(M, N) versus X;(M,N) is in-
teresting. The implication (i) == (ii) in Proposition 10.11 is completely routine: of
course if there is an odd degree CM point on X (M, N) then its image on Xo(M, N) is also
an odd degree CM point. But the converse implication (ii) = (i) seems a bit surprising,
even in retrospect. One way to view this is: the fact that every N > 3 that appears in (13)
has @ odd seemed to play an important role in the Odd Degree Theorem on X1 (M, N):
indeed the proof of the Odd Degree Theorem used the fact that if P € X;(N) is a CM

point of odd degree d, then @hA | d [BCS17, Thm. 4.12d)]. One might have expected

there to be odd degree CM points on Xy (V) for values of N > 3 for which @ is even,
which therefore would not give rise to odd degree CM points on X;(N). This turns out
not to be the case, but our argument does not directly explain why.

Although the structure of odd degree CM points on Xo(M,N) is exactly the same as
that of odd degree CM points on X;(M, N), nevertheless we can deduce the results on
X1(M,N) from those on Xo(M,N), but not conversely, which seems to indicate once
again that the curves Xo(M, N) are fundamental. There is however an exception to this:
whereas for Ag < —4 our discussion on Xo(M, N) uses the description of primitive de-
grees of CM points that lies at the heart of the present work, for Ax € {—4, -3} we use
some observations about isogeny graphs but also Lemma 10.7. Our application of Lemma
10.7 in turn uses results of degrees of CM points on X1(M, N) g and X1(M, N) /k due to
Bourdon and Clark [BC20a], [BC20b]. Thus from the perspective of treating Xo(M, N) as
fundamental it is “a cheat.” This again points to the need to complete the present results
with a treatment of Ax € {—4, -3}, but we did not want to allow this incompleteness to
yield incomplete information in the odd degree case.

11. APPENDIX

11.1. Cases 1-3: L =0.

1111 Case 1: L=0, (8) = -1,

‘ Residue Field ‘ Multiplicity ‘
e T

PRIMITIVE RESIDUE FIELDS: Q(¢%f)

The path type that occurs in this case is I.
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):0.

‘ Residue Field ‘ Multiplicity ‘

PriMITIVE RESIDUE FIELDS:

Qe 1) 1
Q(5e*) 1
Q(eet)

The path types that occur in this case are I. and III.

11.13. Case 3 L=0, (5£) = 1.

PriMITIVE RESIDUE FIELDS:

Residue Field | Multiplicity
K () 1
K () 1
K(eé—lf) 1
Q(e) 1
Q(erf), K(F) ¢+ >2
Q(2f) =Q(f) =2

The path types that occur in this case are I. and IV.

11.2. Case 4: L > a = 1.

‘ Residue Field ‘ Multiplicity ‘

Q)
Q(5¢)

PRIMITIVE RESIDUE FIELDS: Q(f)

1
1

The path types that occur in this case are I. and II.

11.3. Case 5: L>a > 2, (>

2. Put y(a) = {1 a odd .

2 a even

Residue Field | Multiplicity
) B

ezl

K(f) (g_l)gtz‘%lj—l

K (0()f) ﬁ

a e~z -

K(W( )+2f) %

K (£*2f) 5

Q(e*f) 1
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PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., IT. and V.
11.4. Cases 6-9: L >a > 2, { =2.

11.4.1. Case 6: L>a =2, { =2.
‘ Residue Field ‘ Multiplicity ‘
Q(f) 2
Q(4) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., II. and V;.

11.4.2. Case 7: L >a =3, { =2.
‘ Residue Field ‘ Multiplicity ‘

Q(f) 2
Q(2f) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I. II. Vi and V5.
11.4.3. Case 8: L>a>4,f =2, A= 2a is even.

Residue Field | Multiplicity
Q(f) 2
K(f) 24-1 _1
K(22f) 2A—3
K(24f) 2A—4
K (29751) 2
K (2974) 1
Q22 1
Q(2%4) 1

PrIMITIVE RESIDUE FIELDS: Q(f)

Again b = 0 yields the closed point equivalence class [P|] with residue field Q(2f), while
b = a yields the path P;, with residue field Q(f). For all paths with b = 1, the initial
subpath P; consists of one ascent followed by one (unique) descent, so P; is real, and we
get one closed point equivalence class of paths with residue field Q(2%2f). It follows from
Lemmas 5.6, 5.8, 5.9 and 5.10 that for 2 < b < a — 1 the segment P; is not real and thus
the residue field contains K. For 2 < b < A the path P; consists of b ascents followed by b
descents. There are 2°=1 such paths, which fall into 2°=2 closed point equivalence classes.
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There are a—2b further descents, so all in all there are 2! closed point equivalence classes
of paths, each with residue field K (2272%).

11.4.4. Case 9: L>a>5,0=2,a=2A+1.

Residue Field | Multiplicity
Q(f) 2
K(f) 24-1 1
K (2f) 24-2
K(23f) 2A73
K(QCFGf) 2
K (2°74) 1
Q(2°7%f) 1
Q(27) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

Again b = 0 yields the closed point equivalence class [P|] with residue field Q(2%f). The
case b = 1 yields a unique closed point equivalence class with residue field Q(2%2f). For
2 < b < A, by the same results cited above the second descent means that the residue field
contains K, and there are 22 closed point equivalence classes of such paths, each with
residue field K (297%%). For A+1 < b < a — 2 the residue field again contains K and there
are 2¢7=2 closed point equivalence classes of such paths, each with residue field K (f).

11.5. Cases 10-12: L>1, a > L, (ATK) —_1,0>2.

11.5.1. Case 10: L=1, a > 2, (ATK) —1,0>2.

‘ Residue Field ‘ Multiplicity ‘
Q(ee~2%) 1
K (0°=2) 5
Q(e*) 1

PRIMITIVE RESIDUE FIELDS: Q(¢%~%f)

The path types that occur in this case are I. and VI.

1152, Case 11: 2< L< g, (85) =1, 0> 2.
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Residue Field | Multiplicity
Qe ) 1
—2L 1
L e v
( a72L+4f) (471)23“3
K(¢ )| —5—
. 0—1)¢
K(f 4f) ( 5 )
K |5
Q) 1

PRIMITIVE RESIDUE FIELDS: Q(¢4~2L§)

The path types that occur in this case are I., V. and VI.

1 aodd
1153, Case 12: § < L<a, (8) = =1, £> 2. Put 5(a) = { @ odd
2 aeven

Residue Field | Multiplicity
Q) 3
b5l
K(f) (g_l)éﬁ‘#}qu
K(§) —
K (je-?) =
Q(5e) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V. and VI.

11.6. Cases 13-20: L>1, a > L, (ATK) —0, (> 2.

11.6.1. Case 13: L=1, a = 2, (ATK) —0,0>2.

| Residue Field | Multiplicity |

Q) 1
K(f) S
Q(¢%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., VII. and VIII.

7
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11.6.2. Case 14: L=1, a = 3, (ATK) —0,0>2.

‘ Residue Field ‘ Multiplicity ‘

Q) 1
K(f) o
K (¢) &
Q(e7) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., VII. and VIII.

11.6.3. Case 15: L=1, a > 4, (ATK) —0,0>2.

‘ Residue Field ‘ Multiplicity ‘

Q) i

K (e9) 5

() o
Q) I

PRIMITIVE RESIDUE FIELDS: Q(£¢73f)

The path types that occur in this case are 1., VII. and VIII.

11.6.4. Case 16: L>2, a > 2L +1, (ATK) —0,0>2.

Residue Field | Multiplicity
Q(ZG_H’_lf) 1
K(Ea—QL—lf) ELgl
K(ga—2Lf) (6*1)2£L71
K(ganLJer) (Z—l)ZZL_Q
a— £—1)¢E—3
K(¢ 2L+4f) ( )2
Ky |t
Q) 1

PRIMITIVE RESIDUE FIELDS: Q(¢42L~1f)

The path types that occur in this case are I., V. VII. and VIII.

11.6.5. Case 17: L > 2, a = 2L, (ATK) —0,0>2.
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Residue Field Multiplicity
Q(f) 1
N
0—1)¢a/2~
A e v
G N
K (6%) =
Q(e) 1

PrIMITIVE RESIDUE FIELDS: Q(f)
The path types that occur in this case are I., V. VII. and VIII.

11.6.6. Case 18: L>2, a = 2L — 1, (ATK) —0,0>2.

Residue Field | Multiplicity
W L
K(f) m

]f(( (if) m
(£°) —
K (eo=2) =
Q(e) 1

PrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V. VII. and VIII.

11.6.7. Case 19: L>2, L+1<a<2L—2, a even, (ATK) —0,0>2.
Residue Field Multiplicity
Q(f) L1 L ! /2-1
_1)(pa—L—1_ pa— a/2— a—L—1_
K(f) (e=1)(¢ -H; +...44 4+ L : 1o
2 (Z*l)@a/Q_Q
K (if ) 7@71)%2_3
K(L7F) ——
K2 e
Q(e%f) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V. VII. and VIII.
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11.6.8. Case 20: L>2, L+1<a<2L—3, a odd, (ATK>:O,€>2.

Residue Field Multiplicity
Q(F) -
K(f) (4—1)(f“*L*I—&—E‘;*L-i-...-MaT*l) n £a7L27171
a—1
—1)¢ =z !
K () ()T12
-1 2
K (0%) ez
K(£~2%) 1
Q(£7) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V. VII. and VIII.

11.7. Cases 21-33: L>1, a > L, (ATK) —1,0>2.

11.7.1. Case 21: L=1, a =2, (ATK) —1,0>2.
‘ Residue Field ‘ Multiplicity ‘

Q(f)
K(f)
Q(e)

PRIMITIVE RESIDUE FIELDS: Q(f)

1

The path types that occur in this case are I., IX. and X.

11.7.2. Case 22: L=1, a > 3, (ATK) —1,0>2.

PRIMITIVE RESIDUE FIELDS: Q(£9~%f), K(J)

Residue Field | Multiplicity

K(f) ¢

K () {—1

K (¢%) (-1

K(eé—Sf) (-1
Q(e*=?f) 1

(e |5
Q(e*) 1

The path types that occur in this case are L., IX., X.; XI.
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11.7.3. Case 23: L =2, a = 3, (ATK) —1,0>2.

‘ Residue Field ‘ Multiplicity

Q(F) 1
K(§) 1+ 53
K (¢5) &L
Q) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V., IX. and X.

11.7.4. Case 24: L =3, a = 4, (ATK) —1,0>2.

‘ Residue Field ‘ Multiplicity ‘

Q) 1

K(f) 14 63 4 L
K (%) 5
Q(e*) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V., IX. and X.

11.7.5. Case 25: L=4, a =5, (ATK) —1,0>2.

Residue Field Multiplicity
Q(f) 1
K(f) 14452+
K (4 5
K(E o
Q(e7) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V., IX. and X.

11.7.6. Case 26: L>5 odd, a = L + 1, (ATK) —1,0>2.
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Residue Field Multiplicity
Q(f) 1
K() |14 050 4 (SOl
1)/~
?6?) ((“;éa/z—s
(£%) Y
K (6%) L
Q(e) 1

PrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V., IX. and X.

11.7.7. Case 27: L > 6 even, a =L+ 1, (ATK> =1,/0>2.

Residue Field Multiplicity
Q) L
K(f) |4 8 4 (0t
(e=1)et/2—t
K(éf) P
D T
K(6*?) e
Q) 2

PrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V., IX. and X.

11.7.8. Case 28: L. >2, a > 2L + 2, (ATK) —1,0>2.
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Residue Field | Multiplicity
K(f) fL

K (¢§) (¢ — 1)1
K (%) (€ —1)¢E—1

K(Ea—éL—lf) (E _ i)ﬁL_l

Q(e*2E) 1
K(fa_QLf) (£_2)£2L—1_1
K(fa_2L+2f) (5*1)2£L72
K(ﬁ‘;_4f) (E_;)Z
K | S
Q(e) 1

PRIMITIVE RESIDUE FIELDS: Q(£425), K (§)

The path types that occur in this case are I., V., IX., X. and XI.

11.7.9. Case 29: L>2, a = 2L + 1, (ATK) —1,0>2.

Residue Field | Multiplicity
K(f) er
o | o

0—2)¢Ek—1 1
K (if) e
K(€°) —5
K(ec.hzlf) (5—;1)4
K (6°—2) 5
Q(e7) 1

PRIMITIVE RESIDUE FIELDS: Q(£4~2E§), K (J)

The path types that occur in this case are I., V., IX., X. and XI.

11.7.10. Case 30: L > 2, a = 2L, <ATK) —1,¢0>2.
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Residue Field Multiplicity
Q(F) 1
K(f) -1 4 (5—3)5571—1
K (%) e
K (62 &
Q(e%f 1
f)

The path types that occur in this case are I., V., IX., X. and XI.

11.7.11. Case 31: L. >2, a = 2L — 1, (

L

A—K>:1,£>2.

Residue Field Multiplicity
Q(f) 1
K(f) =2 4 (¢=2)e2-1

(€—1)eL—2

K () v
K(£7) 2
K (1=2) =
Q(er) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are L., V., IX.; X. and XI.

11.7.12. Case 32: L>2, L+2<a<2L—2, a even, (AK> —1,0>2.

l

PRrRIMITIVE RESIDUE FIELDS: Q(f)

Residue Field | Multiplicity
i) 1
£4/=—1
R e 3
( 4f) s
K(£7) Yy
K (-2 =
Q(e*) 1

The path types that occur in this case are L., V., IX.; X. and XI.
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11.7.13. Case 33: L>2, L+2<a<2L—3, a odd, (%K) —1,0>2.

Residue Field | Multiplicity
a0 K
2 -1
K(f) (571)5%171
KD (e—1)42‘%1—2
K (£%)) —
K 6(.174f) (Zél)é
K (6°2) 5
Q(e*) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V., IX., X. and XI.
11.8. Cases 34-43: L>1,a> L, { =2, (ATK) — 1.

11.8.1. Case 34: L=1, a > 2.
| Residue Field | Multiplicity |
K (2%7%) 1
Q(2) 1

PRIMITIVE RESIDUE FIELDS: Q(29f), K (2¢7%f)

The path types that occur in this case are I. and VI.

11.8.2. Case 85: L =2, a = 3.
‘ Residue Field ‘ Multiplicity

K(f) 1
Q(2f) 1
Q(8f) 1

PRIMITIVE RESIDUE FIELDS: Q(2f), K ()
The path types that occur in this case are I., V;. and VL.

11.8.3. Case 36: L =2, a > 4.
| Residue Field | Multiplicity |
K(2°7%) 2
Q(2%f) 2
Q(2) 1
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PRIMITIVE RESIDUE FIELDS: Q(247%f), K (2¢~%)

The path types that occur in this case are I., V; and VL

11.8.4. Case 37: L =3, a =4.
‘ Residue Field ‘ Multiplicity ‘

Q(f) 2
K(f) 1
Q(2%f) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3. and VI.

11.8.5. Case 38: L =3, a = 5.
‘ Residue Field ‘ Multiplicity

K(f) 2
Q(2f) 2
Q(2%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2f), K ()

The path types that occur in this case are 1., V1., V3. and VI.

11.8.6. Case 39: L =3, a > 6.
| Residue Field | Multiplicity |

K (2%7%) 4
Q(27%) 2
Q(2°2) 1

Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2074f), K (2975%)

The path types that occur in this case are I., V., V3. and VL

11.8.7. Case 40: 4 < L <a <2L —6, a even.
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Residue Field | Multiplicity

Q(f) 2

K(f) 20/2-1

K(22f) 2&/2—3

K(24f) 9a/2—4
K(26F4f) 1
Q(2°~%) 1
Q(2%) 1

PrIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., Vi., V3. and VI.

11.8.8. Case 41: 4< L <a<2L—5, a odd.

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are L., V., V3. and VI.

11.8.9. Case 42: 5< L, a=2L — 4.

Residue Field | Multiplicity
Q(F) 2
K(f) 277 —1
K(2f) 2%
K (2%) 245"
K (2074) 1
Q(2*7%f) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3. and VI.

Residue Field | Multiplicity
Q(f) 2
K(f) 2a7L+1 -1
K(22f) 2a—L—1
K(24f) 2a—L—2
K (2%7%) 1
Q(22j) 1
Q(2%) 1
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11.8.10. Case 43: L >4, a > 2L.

Residue Field | Multiplicity
K(2a72Lf) 2L71
Q(2a—2L+2f) 2
K(Qa_2L+2f) 2L—3 -1
K(2a72L+4f> 2L74
K(2°7%) 1
Q(2°7%f) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2972L+2f), K (202Lf)

The path types that occur in this case are 1., Vi., V3., V4. and VL.
11.9. Cases 44-64: L >1,a> L, { =2, (ATK) =1.

11.9.1. Case 44: L=1, a=2.
‘ Residue Field ‘ Multiplicity ‘
K(f) 2
Q(4f) 1
PrIMITIVE RESIDUE FIELDS: Q(4f), K ()

The path types that occur in this case are I. and X.

11.9.2. Case 45: L=1, a = 3.
‘ Residue Field ‘ Multiplicity ‘
K(f) 2

Q(8f) 1
PrIMITIVE RESIDUE FIELDS: Q(8f), K (f)

The path types that occur in this case are I. and X. and XI.
11.9.3. Case 46: L=1, a > 4.

Residue Field | Multiplicity
K(f) 2
K (2) 1
K(2€F3f) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(2%), K ()

The path types that occur in this case are I. and X. and XI.
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11.94. Case 47: L =2, a = 3.
‘ Residue Field ‘ Multiplicity ‘

K(f) 1
Q(2f) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2f), K (f)

The path types that occur in this case are I., V. and X.

11.9.5. Case 47: L =2, a =4.
‘ Residue Field ‘ Multiplicity ‘

K(f) 2
Q(2%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2%f), K(f)

The path types that occur in this case are 1., Vi, X. and XI.

11.9.6. Case 48: L =2, a =5.
‘ Residue Field ‘ Multiplicity ‘

K(f) 4
Q(2%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2%f), K(f)

The path types that occur in this case are I., V, X. and XI.

11.9.7. Case 49: L =2, a > 6.

Residue Field | Multiplicity
K(j) 4
K (2f) 2
K(2975) 2
Q%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2472%f), K (f)

The path types that occur in this case are 1., V1, X. and XI.
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11.9.8. Case 50: L =3, a = 4.
| Residue Field | Multiplicity |

Q(f) 2
K(f) 1
Q(2%) 1
Q(2%) 1

PrIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V, V3., X. and XI.

11.9.9. Case 51: L =3, a = 5.
‘ Residue Field ‘ Multiplicity ‘

K(f) 2
Q(2f) 2
Q(2%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2f), K ()

The path types that occur in this case are I., Vi, V3., X. and XI.

11.9.10. Case 52: L =3, a = 6.
‘ Residue Field ‘ Multiplicity ‘

K(j) 4
Q(2%) 2
Q(2%) 1
Q(2°) 1
PRIMITIVE RESIDUE FIELDS: Q(2%f), K ()

The path types that occur in this case are L., V1, V3., X. and XL

11.9.11. Case 53: L=3,a=17.
‘ Residue Field ‘ Multiplicity ‘

K(f) 8
Q(2°%) 2
Q(2°f) 1
Q(27) 1
PrRIMITIVE RESIDUE FIELDS Q(23f), K(f)

The path types that occur in this case are 1., V1, V3., X. and XI.
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11.9.12. Case 54: L =3, a > 8.

Residue Field | Multiplicity
K(f) 8
K (2f) 4
K(2977%) 4
Q(2°4) 2
Q(202) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2°7%f), K (f)

The path types that occur in this case are 1., V1, V3., X. and XI.

11.9.13. Case 55: 4 < L <a < 2L —6, a even.

Residue Field | Multiplicity
Q) R
() 25711

K(22) 257

K(2%) 234
K(251—4f) 1
Q(2°7%f) 1

Q(27) 1

PrIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1, V3., V4., X. and XI.

11.9.14. Case 56: 4 < L <a <2L -5, a odd.

Residue Field | Multiplicity
Q(F) 2
K(f) 2% 1 1
K(2§) 95" 2
K(23§) 2% 3
K (2974) 1
Q(2°7%f) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., Vi, V3., V4., X. and XI.
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11.9.15. Case 57: L > 4, a = 2L — 4.

Residue Field | Multiplicity
Q(f) 2
K(f) 2L=3 1
K (2%) 2L
K(24f) 2L76
K(Q‘.Hlf) 1
Q(2°7%f) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., Vi, V3., V4., X. and XI.

11.9.16. Case 58: L > 4, a = 2L — 3.

Residue Field | Multiplicity
Q(F) 2
K () 2t73 1
K(2f) ol—4
K (20-5) 2
K (297%) 1
Q(2°~%) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., Vi, V3., V4., X. and XI.

11.9.17. Case 59: L >4, a = 2L — 2.

Residue Field | Multiplicity
Q(F) 2
K(§) 2l=2 1
K (2%) 2t
K (20-5) 2
K(297%) 1
Q(2°7%) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., Vi, V3., V4., X. and XI.
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11.9.18. Case 60: L > 4, a =2L — 2.

Residue Field | Multiplicity
Q(f) 2
K(§) 272 1
K(22f) 2L74
K(2*) 2t
K(zé—ﬁf) 2
K (2074) 1
Q(2°%f) 1
Q(27) 1

PrIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., Vi, V3., V4., X. and XI.
11.9.19. Case 61: L >4, a =2L — 1.

Residue Field | Multiplicity
K(f) 2t
Q(2f) 2
K (2f) 2l=3 1

K(ng) 2L—4

K(st) 2L75
K(2¢7%) 1
Q(2"%) 1

Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2f), K ()

The path types that occur in this case are 1., Vi, V3., V4., X. and XI.
11.9.20. Case 62: L > 4, a = 2L.

Residue Field | Multiplicity
K(f) 2t-t
Q(2%) 2
K (2%) ol=3 1
K(24f) 2L—4
K(26f) 2L75
K (297%) 1
Q2 %) 1
Q(27) 1
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PRIMITIVE RESIDUE FIELDS: Q(2%f), K(f)

The path types that occur in this case are 1., V1, V3., V4., X. and XI.

11.9.21. Case 63: L >4, a =2L + 1.

Residue Field | Multiplicity
K () 2"
Q(2%) 2
K(2%) 2l=3 1
K(QSf) 2L—4
K(27f) 2L75
K (2°74) 1
Q(2%%)) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2%f), K(f)

11.9.22. Case 64: L >4, a > 2L + 2.

The path types that occur in this case are I., V1, V3., V4., X. and XI.

Residue Field | Multiplicity
K(f) 2v
K(2f) 2t-t
K(22f) 2L—1

K(22—'2L—1 ) 2L'—1

Q(2a72L+2 ) )

K(2a—2L+2 ) 2L—3 -1

K(2a72L+4 ) 2L74

K(Qa_2L+6f) 2L—5

K (207%) 1
Q(2*7%) 1
Q(27) 1

PRIMITIVE RESIDUE FIELDS: Q(2472LF2f), K (§)

The path types that occur in this case are I., V1., V3., V4., X. and XI.

11.10. Cases 65-79: L > 1, a> L, { =2, orda(Ag) = 2.
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11.10.1. Case 65: L =1, a = 2.

‘ Residue Field ‘ Multiplicity ‘
Q) 2
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., VI;. and VIII;.

11.10.2. Case 66: L =1, a > 3.
‘ Residue Field ‘ Multiplicity ‘

K(2973)) 1
Q(2°7%f) 1
Q(2) 1

PRIMITIVE RESIDUE FIELDS: Q(2472%f), K (2¢73f)

The path types that occur in this case are I., VI;. and VIII,.

11.10.3. Case 67: L =2, a = 3.
| Residue Field | Multiplicity |

Q(f) 2
Q(2f) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V1., VIs. and VIII;.

11.10.4. Case 68: L =2, a = 4.
‘ Residue Field ‘ Multiplicity ‘

Q(f) 2
K(f) 1
Q(2%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., Vi., VI3. and VIII,.

11.10.5. Case 69: L =2, a > 5.
‘ Residue Field ‘ Multiplicity ‘

K (2°75) 2
Q(21) 2
Q(2°~%) 1

Q(2%) 1
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PRIMITIVE RESIDUE FIELDS: Q(247%f), K (2¢75)

The path types that occur in this case are I., Vi., VI3. and VIII,.

11.10.6. Case 70: L =3, a = 4.
‘ Residue Field ‘ Multiplicity ‘

Q(f) 2
K(f) 1
Q(2%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V1., V3., VIs., VIII;.

11.10.7. Case 71: L =3, a = 5.

Residue Field | Multiplicity
Q(f) 2
K(f) 1
K(2f) 1
Q(2°%) 1
Q(2°) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.

11.10.8. Case 72: L =3, a = 6.

Residue Field | Multiplicity
Q(f) 2
K(f) 3
K (22f) 1
Q(2*) 1
Q(2%) 1

PrIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.

11.10.9. Case 73: L >3, a > 2L + 1.
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Residue Field | Multiplicity
K(Za_QL_lf) 2L—1
Q) 2
K(Qa_2Lf) 2L—2 -1
K(2a_2L+2f) 2L—3
K(2a72L+4f> 2L72
K (2276) 2
K(2¢7%) 1
Q(2"%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2072Lf), K (2072E1f)
The path types that occur in this case are 1., V1., V3., VI, VIII,.

11.10.10. Case 74: L >4, a=L+1, a odd.

Residue Field | Multiplicity
Q(f) 2
K(f) 27 -1
K(2§) 23"
K (2%) 25"
K (2974) 1
Q(2°7%) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)
The path types that occur in this case are 1., V1., V3., VI, VIII;.

11.10.11. Case 75: L >5,a= L+ 1, a even.

Residue Field | Multiplicity
Q(F) 2
() 25711
K (2%) 2573
K (297%) 1
Q(2° %) 1
Q(2%) 1

97



98 PETE L. CLARK

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI, VIII;.
11.10.12. Case 76: L > 4, a = 2L.

Residue Field | Multiplicity
Q(f) 2
K(§) ol—1 _1
K(22f) 2L73
K(24f) 2L—4
K (2974) 1
Q(2* %) 1
Q(27%) 1

PrIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.
11.10.13. Case 77: L > 4, a = 2L — 1.

Residue Field | Multiplicity
Q(F) 2
K(§) 2l=2 1
K(2f) 2l—3
K (2%) ot
K(2"1—4f) 1
Q(2°7%f) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.
11.10.14. Case 77: L > 4, a = 2L — 2.

Residue Field | Multiplicity
Q(f) 2
K(f) 2l=2 1
K (2%) 2L
K(24f) 2L75
K(26F4f) 1
Q(2°7%f) 1
Q(27) 1
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PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.

11.10.15. Case 78: L> 4, L+2<a < 2L — 3, a odd.

Residue Field | Multiplicity
Q(F) 2
K () 2% -1 1
K(2f) 27
K(297%) 1
Q(2*7%f) 1
Q(2%) 1

PrRIMITIVE RESIDUE FIELDS: Q(f)
The path types that occur in this case are 1., V1., V3., VI3, VIII,.

11.10.16. Case 79: L > 6, L+2 <a <2L —4, a even.

Residue Field | Multiplicity
Q(F) 2
K(§) 2571 1
K (2%) 233
K (2%74) 1
Q(2*7%f) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)
The path types that occur in this case are 1., V1., V3., VI3, VIII,.
11.11. Cases 80-95: L > 1, a > L, { =2, orda(Ag) = 3.

11.11.1. Case 80: L =1, a = 2.
| Residue Field | Multiplicity |
Q(p) 2
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., VI;. and VIII;.
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11.11.2. Case 81: L =1, a > 3.
‘ Residue Field ‘ Multiplicity

Q(2°%f) 2
Q(2°7%f) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2473%f)

The path types that occur in this case are 1., VI;. and VIII,.

11.11.3. Case 82: L =2, a = 3.
| Residue Field | Multiplicity |

Q(f) 2
Q(2f) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are L., Vi., VIo. and VIII;.

11.11.4. Case 83: L =2, a = 4.
‘ Residue Field ‘ Multiplicity

Q(f) 2
K(f) 1
Q(2%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V1., VI3. and VIII,.

11.11.5. Case 84: L =2, a > 5.

Residue Field | Multiplicity
Q(2°7°f) 2
K (2975) 1
K(2¢7%) 1
Q(2°~%) 1
Q(27f) 1

PRIMITIVE RESIDUE FIELDS: Q(2%75f)

The path types that occur in this case are 1., V1., VI3. and VIII,.
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11.11.6. Case 85: L =3, a = 4.

‘ Residue Field ‘ Multiplicity

Q(f) 2
K(f) 1
Q(2%) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are I., V1., V3., VIs., VIII;.

11.11.7. Case 86: L =3, a = 5.

Residue Field | Multiplicity
Q(f) 2
K(f) 1
K(2f) 1
Q(2%) 1
Q(2°f) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.

11.11.8. Case 87: L =3, a = 6.

Residue Field | Multiplicity
Q(f) 2
K(f) 3
K (2%f) 1
Q(2*) 1
Q(2°) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.

11.11.9. Case 88: L >3, a > 2L + 1.
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Residue Field | Multiplicity
Q(Qa—QL—lf) 9
K(2a72L71f) 2L71 -1
K(Qa_2Lf) 2L—2
K(2a_2L+2f) 9L-3
K(2a72L+4f> 9L—2
K (2276) 2
K(2¢7%) 1
Q(22) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(2¢ 2L~1f)
The path types that occur in this case are I., Vy., V3., VI3, VIII,.

11.11.10. Case 89: L >4, a=L+ 1, a odd.

Residue Field | Multiplicity
Q(f) 2
K(f) 27 -1

K(2§) 23"

K (2%) 25"
K(2974) 1
Q(2°~%) 1

Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)
The path types that occur in this case are 1., V1., V3., VI, VIII;.

11.11.11. Case 90: L > 5, a =L + 1, a even.

Residue Field | Multiplicity
Q(F) 2
() 25711
K (2%) 2573
K (297%) 1
Q(2° %) 1
Q(2%) 1
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PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI, VIII;.
11.11.12. Case 91: L > 4, a = 2L.

Residue Field | Multiplicity
Q() 2
K(§) 2l=1 1
K(22f) 2L73
K(24f) 2L—4
K (2074) 1
Q2% %) 1
Q(2%) 1

PrIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.
11.11.13. Case 92: L > 4, a = 2L — 1.

Residue Field | Multiplicity
Q(F) 2
K(§) 2l=2 1
K(2f) 2l—3
K (2%) ot
K(2"1—4f) 1
Q(2°7%f) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.
11.11.14. Case 93: L > 4, a = 2L — 2.

Residue Field | Multiplicity
Q(f) 2
K(f) 2l=2 1
K (2%) 2L
K(24f) 2L75
K(26F4f) 1
Q(2°7%f) 1
Q(27) 1

103



104

PETE L. CLARK

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.

11.11.15. Case 94: L >4, L+2<a <2L -3, a odd.

Residue Field | Multiplicity
Q(F) 2
K(f) 2% 1 1
K (2) 27 2
K (297%) 1
Q(2*%f) 1
Q(2%) 1

PRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are 1., V1., V3., VI3, VIII,.

11.11.16. Case 95: L >6, L+2 <a <2L —4, a even.

Residue Field | Multiplicity
Q(F) 2
K(§) 25711
K (2%) 2373
K (2°74) 1
Q(2*7%f) 1
Q(2%) 1

PRrRIMITIVE RESIDUE FIELDS: Q(f)

The path types that occur in this case are L., Vi., V3., VI3, VIII,.
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