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ARITHMETIC ELLIPTIC CURVES
IN GENERAL POSITION

SHINICHI MOCHIZUKI

ABSTRACT. We combine various well-known techniques from the theory
of heights, the theory of “noncritical Belyi maps”, and classical analytic
number theory to conclude that the “ABC Conjecture”, or, equivalently,
the so-called “Effective Mordell Conjecture”, holds for arbitrary rational
points of the projective line minus three points if and only if it holds for
rational points which are in “sufficiently general position” in the sense
that the following properties are satisfied: (a) the rational point under
consideration is bounded away from the three points at infinity at a
given finite set of primes; (b) the Galois action on the l-power torsion
points of the corresponding elliptic curve determines a surjection onto
GL2(Z,), for some prime number [ which is roughly of the order of
the sum of the height of the elliptic curve and the logarithm of the
discriminant of the minimal field of definition of the elliptic curve, but
does not divide the conductor of the elliptic curve, the rational primes
that are absolutely ramified in the minimal field of definition of the
elliptic curve, or the local heights [i.e., the orders of the g-parameter at
primes of [bad] multiplicative reduction] of the elliptic curve.

INTRODUCTION

In the classical intersection theory of subvarieties, or cycles, on algebraic
varieties, various versions of the “moving lemma” allow one to replace a
given cycle by another cycle which is equivalent, from the point of view
of intersection theory, to the given cycle, but is supported on subvarieties
which are in a “more convenient” position — i.e., typically, a “more general”
position, which is free of inessential, exceptional pathologies — within the
ambient variety.

In the present paper, after reviewing, partly for the purpose of establishing
notation and terminology, the general theory of heights in §1, we proceed in
§2 to apply the theory of “noncritical Belyi maps” of [7], together with a
technique developed by Elkies [cf. [2]; [3]] — which, in fact, may be traced
back to the work of Moret-Bailly and Szpiro [cf. the discussion at the top of
2], p. 106] — for relating Belyi maps to the ABC Conjecture, to show that
the ABC, Effective Mordell, and Vojta Conjectures for arbitrary rational
points of hyperbolic curves over number fields are equivalent to the ABC
Conjecture for rational points over a number field of the projective line
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minus three points which lie in some “compactly bounded subset” of the set
of all rational points [cf. Theorem 2.1]. Here, “compactly bounded” means
that at some finite collection S of primes of the number field that includes
the archimedean primes, the rational points lie in some given compact subset
of the set of rational points of the projective line minus three points over
the completion of the number field at the given prime [cf. Example 1.3, (ii)].
Such compactly bounded subsets of the set of rational points are of interest
since the height of a rational point that lies in such a compactly bounded
subset may be computed, up to a bounded discrepancy, by considering the
distance of the rational point from the divisor at infinity solely at the primes
that do not lie over primes of S.

Thus, in summary, we use the noncritical Belyi maps of [7] to ‘move
the rational points over number fields of interest away from the divisor at
infinity at the primes lying over [typically archimedean!]/ primes of S”.
This use of Belyi maps is interesting in that it is reminiscent of the use of
Belyi maps in the technique of “Belyi cuspidalization” [cf. [8], §2, §3; [9], §2;
[10], §3]. That is to say, in the technique of Belyi cuspidalization, “critical”
[i.e., more precisely, “not necessarily noncritical”!] Belyi maps are used to
“move rational points closer to the divisor at infinity at nonarchimedean
primes” [cf., especially, the theory of [8], §3].

Theorem 2.1 Belyi cuspidalization

uses noncritical Belyi maps | uses critical Belyi maps
moves rational points of | mowves rational points of

interest away from interest closer to
divisor at infinity divisor at infinity
of interest primarily at of interest at
archimedean primes nonarchimedean primes
of a number field of a number field

In particular, the use of Belyi maps in Theorem 2.1 of the present paper
proceeds, so to speak, in the “opposite direction” to their use in the theory
of Belyi cuspidalization.

Finally, in §3, §4, we examine another example of the notion of being
“arithmetically in general position”, namely, the phenomenon of “full Galois
actions” — i.e., Galois actions whose images are equal to either SLy(Z;) or
G Ly(Z;) — on the [-power torsion points of an elliptic curve over a number
field for some prime number [. More precisely, we combine the techniques of
[11], [4] relating isogenies and heights of elliptic curves over number fields [cf.



ARITHMETIC ELLIPTIC CURVES IN GENERAL POSITION 3

§3] with some classical analytic number theory involving the prime number
theorem [cf. §4] to show [cf. Corollaries 4.3, 4.4] that if one considers elliptic
curves over number fields of bounded degree which are either “degenerating”
[i.e., admit at least one prime of potentially multiplicative reduction]| or
“compactly bounded away from infinity” [cf. Theorem 2.1], then, with finitely
many possible exceptions, one obtains a “full Galois action” for some prime
number [ which is roughly of the order of the sum of the height of the elliptic
curve and logarithm of the discriminant of the minimal field of definition of
the elliptic curve and, moreover, is prime to various numbers that are, in
some sense, characteristic to the elliptic curve, such as the conductor of the
elliptic curve, the rational primes that are absolutely ramified in the minimal
field of definition of the elliptic curve, and the local heights [i.e., the orders of
the g-parameter at primes of multiplicative reduction] of the elliptic curve.

1. GENERALITIES ON HEIGHTS

In the present §1, we review, partly for the purpose of establishing no-
tation and terminology, various well-known facts concerning arithmetic line
bundles and heights.

Let X be a normal scheme which is proper and flat over Spec(Z) [where

Z denotes the ring of rational integers]. Write Xg f x x 7 Q for the generic
fiber of X; X?¢ for the compact normal complex analytic space determined
by X. Thus, the underlying topological space of X*° may be identified with
the set of complex points X (C), equipped with the topology induced by the
topology of C. Note, moreover, that the complex conjugation automorphism
tc of C induces a complex conjugation automorphism tx of X2 which is
compatible with ¢c.

Definition 1.1.

(i) We shall refer to as an arithmetic line bundle L = (L,| —|z) on X any

pair consisting of a line bundle £ on X and a hermitian metric | — |z on the
line bundle £2' determined by £ on X that is compatible [in the evident
sense| with the complex conjugation automorphism tx. If £ = (L,| — |z),

M = (M, |—|m) are arithmetic line bundles on X, then a morphism L — M
is defined to be a morphism of line bundles £ — M such that locally on
X, sections of £ with |—|z < 1 map to sections of M with |—|y < 1. We
define the set I'(£) of global sections of L = (L,]| —|z) over X to be the set
of morphisms Ox — L, where we write Ox for the trivial line bundle Ox
equipped with the trivial hermitian metric. There is an evident notion of
tensor product of arithmetic line bundles on X. The isomorphism classes of
arithmetic line bundles on X, together with the operation of tensor product,
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thus determine a group APic(X).

(ii) Let ¢ : Y — X be a morphism of normal, Z-proper, Z-flat schemes.
Then there is an evident notion of pull-back of arithmetic line bundles by ¢.
If £ is an arithmetic line bundle on X, then we shall denote its pull-back to
Y by the notation ¢*£L or, when there is no fear of confusion, L|y-.

Let F be a number field [i.e., a finite extension of the rational number field
Q], whose ring of integers we denote by O, and whose set of valuations
we denote by V(F'). Thus, V(F') decomposes as a disjoint union V(F) =
V(F)™™ |J V(F)?€ of nonarchimedean and archimedean valuations. If v €
V(F'), then we shall write F;, for the completion of F at v and |—|, : F;, = R
for the real-valued valuation map determined by v. If v € V(F)"", then
we shall write ord,(—) : F}, — Z for the order defined by v and ¢, for the
cardinality of the residue field of Fj,.

An arithmetic divisor on F' is defined to be a finite formal sum

Z Cy U
veV(F)

— where ¢, € Z if v € V(F)"" and ¢, € R if v € V(F)*° [cf. [14], §1.1].
Here, if all of the ¢, are > 0, then we shall say that the arithmetic divisor
is effective. Thus, the arithmetic divisors on F' naturally form a group
ADiv(F). If f € F, then the assignment

[ ADV(D S S odu (v Y (B R log((fl)
vEV(F)non vEV(F)are

[where log denotes the natural logarithm| determines an element € ADiv(F),
which we shall refer to as the principal arithmetic divisor associated to f.
Thus, the principal arithmetic divisors determine a subgroup APrc(F) C
ADiv(F). Moreover, as is well-known, there is a natural isomorphism

ADiv(F)/APrc(F) = APic(Spec(OF))
— cf. [14], Proposition 1.1. In particular, the degree map
degp : ADiv(F)/APrc(F) — R
defined by sending
V(F)*" 5 v—log(qy); V(F)*3v—1

[cf. [14], §1.1] determines a homomorphism APic(Spec(OF)) — R, which
we shall also denote by degr. When there is no fear of confusion, we shall
also regard [by abuse of notation] degy as a map defined on ADiv(F'). Note
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that if we set degp def 1 degp, then for any finite extension K of F it

[F:Q]
follows that
@K(‘Cbpec((?[()) = @F(ﬁ)

for any arithmetic line bundle £ on Spec(Or). In particular, if Q is an
algebraic closure of Q, then for any

reXx@=|J  X(P)

QOF, [F:Q]<oo

and any arithmetic line bundle M on X, it makes sense to define

htz(2) = degp(v5 M) € R

— where zp : Spec(Of) — X is any morphism that gives rise to x.

Definition 1.2.
(i) We shall refer to the function
hty7: X(Q) — R

as the height function associated to the arithmetic line bundle M.

(ii) Fix a subset F C X(Q). If o, 8 : F — R are functions, then we shall
write

a SF B (respectively, a 2 B; a ~r )

if there exists a [“constant”] C' € R such that 5(z) —a(z) < C (respectively,
a(r) — B(x) < C; |a(z) — B(x)| < C) for all x € F; we shall omit the
subscript F when there is no fear of confusion. [Thus, a =~ § if and only if
a < B and a 2 B.] The relation “a” clearly defines an equivalence relation
on the set of functions 7 — R; we shall refer to an equivalence class relative
to this equivalence relation as a(n) [F-/BD-class [i.e., “bounded discrepancy
class”]. The BD-class of a will be denoted by [a] £, or simply [«], when there
is no fear of confusion. Finally, we observe that it makes sense to apply the
notation “27  “<”  “x” to BD-classes.

Example 1.3. Various Natural Subsets of the Set of Points. In the
notation of the above discussion, we consider various natural examples of

subsets “F C X(Q)” as in Definition 1.2, (ii).
(i) If d € N[ J{o0}, then we shall denote by

X(@)=C X
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the union of the subsets X (F) C X(Q) as F' ranges over the number fields
such that [F: Q] < d [so X(Q)=*® = X(Q)];

X(@™E X@Q>N\X(@Q)>! c X(@Q

[cf. the discussion in Definition 1.5, (i), below of “minimal fields of defi-
nition”]. More generally, if £ C X (Q) is any subset, then we shall write

gsd ¢ NX(Q)=?, = Lef e NX(Q)=4. If £ € X(Q) is a subset such that
each £5 [where d ranges over the positive integers] is finite, then we shall
say that & is Galois-finite.

(ii) Let us refer to a compact subset of a topological space which is equal

to the closure of its interior as a compact domain. Let V- C V(Q) be a finite

subset that contains V(Q)*°. For each v € V¢ & VAV(Q)*¢ (respec-

tively, v € Voor Ly v (Q)mon), let

ICy € X*€ (respectively, K, C X (@v))

be a nonempty tx-stable compact domain (respectively, a nonempty
Gal(Q,/Q,)-stable subset whose intersection with each X(K) C X (Q,),
for K C Q, a finite extension of Q,, is a compact domain in X (K)) such
that KC, # X®° (respectively, K, # X(Q,)). Then let us write

Kv € X(Q)

for the subset of points € X (F) C X(Q), where [F : Q] < oo, such that
for each v € V¢ (respectively, v € V"), the set of [F : Q] points of X&'
(respectively, X (Q,)) determined by x is contained in IC,,. We shall refer to
a subset of X (Q) obtained [i.e., as a “Ky”] in this fashion as a compactly
bounded subset, to V as the support of the compactly bounded subset, and to
the “IC,” as the bounding domains of the compactly bounded subset. Note
that by applying well-known approximation results in elementary number
theory, it follows immediately [cf. the definition given above of the term
“compact domain”!] that the bounding domains of a compactly bounded

subset of X(Q), hence also the support of a compactly bounded subset of

X(Q), are completely determined by the compactly bounded subset itself.

Proposition 1.4 (Bgsic Properties of Heights). In the notation of the
above discussion, let L= (L,| —|z), M = (M,| —|m) be arithmetic line

bundles on X. Write Lo &t L|xq, Mg df M|xy. Then:
(i) We have

htz®m<x) = htz(x) + htm(ﬂ?)
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for z € X(Q).

(ii) If some positive tensor power of the line bundle Lo on Xg is gen-
erated by global sections [for instance, if the line bundle Lg is ample/,
then

htz 2 0
[i.e., where “Z” denotes 2x@) ”].

(iii) The BD-class of ht= depends only on the isomorphism class of
the line bundle Ly on Xg. In particular, it makes sense to write [htz] or
[htz,] for the BD-class [ht7] of ht.

(iv) Let d be a positive integer, C' € R. Suppose furﬁzer that the line bundle
Lg is ample on Xq. Then the set of points x € X(Q)=¢ [cf. Ezample 1.8,
()] such that htz(x) < C is finite.

Proof. Assertion (i) follows immediately from the definitions. Next, we
consider assertion (ii). To verify assertion (ii), it suffices to show that if
s € T'(Xg, Lg), and we write F C X(Q) for the subset of points at which
s is nonzero, then ht;z 27 0. Now observe that if M is an arithmetic line
bundle that arises [by pull-back to X] from an arithmetic line bundle on
Spec(Z), then
htz®m %X(@) htz

[cf. assertion (i)]. Moreover, for a suitable choice of M arising from an
arithmetic line bundle on Spec(Z), the section s determines a section t of
Lo ® Mg that extends to a section of £ ® M over X such that |t|sgm <1
on X% [where we recall that X is compact!]. Thus, by replacing £ by
L ® M and s by t, we may assume that s determines a section of £ over X
and that |s|z < 1 on X*°. Now the fact that htz(z) > 0 for all z € F is
immediate from the definitions. This completes the proof of assertion (ii).

Next, to verify assertion (iii), it suffices to apply assertions (i), (ii) to the

arithmetic line bundle £ ® M " in the situation where Lg = Mg.

Finally, we consider assertion (iv). A proof of this well-known fact may,
essentially, be found in [12] [cf. [12], Theorem 2.1]. From the point of
view of the present discussion, an argument may be given as follows: First,
we observe that [some positive tensor power of] the ample line bundle Lg
yields an embedding ep : Xg C Pg, where P = P is a projective space
over Z. Next, by blowing up X in an appropriate fashion, we conclude that
there exists a normal, Z-proper, Z-flat scheme Y, together with morphisms
¢:Y — X, 9 :Y — P such that ¢g is an isomorphism, and ¥g = €g © ¢g.
Thus, to verify assertion (iv) for the pair (X, £), it suffices to verify assertion
(iv) for the pair (Y, ¢*L), which, by assertion (iii), is equivalent to assertion



8 SHINICHI MOCHIZUKI

(iv) for the pair (Y,9*Lp), where we write Lp for the line bundle Op(1)
equipped with the standard Fubini-Study metric. But assertion (iv) for the
pair (Y,*Lp) follows from assertion (iv) for the pair (P,Lp). Thus, we
may assume that (X, L) = (P, Lp).

Next, observe that since any finite set of points of a fiber of P — Spec(Z)
is contained in the complement of a hypersurface, it follows immediately
that, for any positive integer e < d, the product P x ... x P of e copies of P
[over Z] admits a [necessarily normal, Z-proper, and Z-flat| quotient @ by
the action of the symmetric group on e letters, and that some positive tensor
power of the tensor product of the pull-backs of £p by the various projections
P x...x P — P descends to an arithmetic line bundle Lo = (Lg, | —|z,) on
@ such that (Lg)g is ample on Qg. Since each point xp € P(F') for F such
that [F': Q] = e determines [by considering the various Q-conjugates of x p]
a point zg € Q(Q) [which, in turn, determines zp, up to a finite number of
possibilities|, we thus conclude [by varying e] that it suffices to verify that
the set of points of y € Q(Q) such that htZQ(y) < (' is finite. Moreover,
by embedding @ via (Lg)g into some projective space Z = P7' as in the
argument of the preceding paragraph, we thus conclude that it suffices to
verify that the set of points of z € Z(Q) such that htz (z) < C' is finite,

where Lz is given by Oz(1) equipped the standard Fubini-Study metric.
Next, let us observe that [as is easily verified] there exists a unique arith-
metic line bundle £g on S def Spec(Z), up to isomorphism, of degree [i.e.,
“degg”] C; moreover, any arithmetic line bundle on S of degree < C' em-
beds into Lg. In particular, by applying such an embedding, we conclude
that given any point z € Z(Q) = Z(S) such that htz (z) < C, the m +1
standard generating sections of Lz restrict, via the morphism S — Z deter-
mined by z, to sections € I'(Lg). Since [as is easily verified] I'(Lg) is a finite
set, it thus follows that there is only a finite number of possibilities for the
projective coordinates of z. This completes the proof of assertion (iv). O

Remark 1.4.1. Observe that it follows immediately from the definitions,
together with Proposition 1.4, (iii), that the theory of “BD-classes of height
functions htz(—) on X(Q)” in fact depends only on the scheme Xg. In
particular, this theory may be applied to any normal, projective scheme
Y over Q [i.e., by regarding Y as the “Xg” determined by some Z-flat,
Z-projective model “X” of Y that arises from a projective embedding of Y.

Definition 1.5.
(i) Note if z € X(F) C X(Q), where [F : Q] < oo, then by considering
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the scheme-theoretic image of the corresponding morphism Spec(F) — X,
one obtains a well-defined minimal field of definition Fpnin C F of . In

particular, it makes sense to say that F' “is a minimal field of definition of
x” [i.e., that F = Finl.

(ii) Let £ C Z be an effective Cartier divisor contained in the regular locus
of a normal noetherian scheme Z. Then observe that the closed subscheme
Fieq C Z is also an effective Cartier divisor. We shall say that E is reduced
if £ = Freq.

(iii) Let » € X(F) C X(Q), where F is a minimal field of definition of z.
Then the different ideal of F' determines an effective arithmetic divisor
0z € ADiv(F)
which is supported in V(F)"°". In particular, the assignment

X(Q) 2 x — log-diffx () = degp(d,) € R

determines a well-defined log-different function log-diffy on X (Q).

(iv) Fix an effective Cartier divisor D C X; write Ux dof X\D. Let

x € Ux(F) CUx(Q), where F is a minimal field of definition of x [regarded
as a point of X(Q)]. Then the morphism Spec(Or) — X determined by =
[where we recall that X is proper!] allows one to pull-back the divisor D to
Spec(Or) so as to obtain an effective divisor D, on Spec(Op). Note that
Dy, (Dy)req may also be regarded as arithmetic divisors € ADiv(F') that are
supported in V(F)"°". We shall refer to

D4 (D, )rea € ADiv(F)

x

as the conductor of . Thus, the assignment

X(Q) 3 z — log-condp(z) & deg(f2) € R

determines a well-defined log-conductor function log-condp on Ux(Q) C

X(Q).

Remark 1.5.1. In the spirit of Remark 1.4.1, we observe that the log-different

function log-diffy on X(Q) [cf. Definition 1.5, (iii)] depends only on the
scheme Xg. On the other hand, although the log-conductor function
log-cond, on Ux(Q) [cf. Definition 1.5, (iv)] may depend on the pair of
Z-schemes (X, D), one verifies immediately that the BD-class of log-cond
on Ux(Q) depends only on the pair of Q-schemes (Xg, Dg). Indeed, this
follows immediately from the observation that if (X', D’) is another pair

i.e., consisting of an effective Cartier divisor D’ in a normal, Z-proper,
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Z-flat scheme X'|, then any isomorphism X(’@ = Xg that induces an iso-
morphism D(’@ = Dgq extends, for some finite set of prime numbers ¥, to
an isomorphism X’ xz Z[X71] 5 X xz Z[¥ 1] that induces an isomorphism
D' xz Z[S7Y 5 D xz Z[S7Y] — where we write Z[S ™1 < Z[{p~1},ex]-

Proposition 1.6 (Conductor Bounded by the Height). Let D C X be

an effective Cartier divisor, £ = (£ | —|£) an arithmetic line bundle

on X such that L = Ox (D). Write U X\D htp & ht- [cf. Proposition

1.4, (iii)]. Then
log-cond, < htp

on U(Q).

Proof. Write s € I'(X, L) for the section determined by the tautological
inclusion Ox — Ox (D). Then the asserted inequality log-condp, < ht;
follows, for the contributions at the nonarchimedean primes, from the defini-
tion of log-condp, [i.e., involving “(—);eq”] in Definition 1.5, (iv), and, for the
contributions at the archimedean primes, from the fact that the continuous
function |s|, on the compact topological space X is bounded. O

Proposition 1.7 (Conductors and Log Differents). Let
¢:Y = Z

be a generically finite morphism of normal, Z-proper, Z-flat schemes of di-
mension two. [Thus, the induced morphism on generic fibers ¢q : Yo — Zg
is a finite [possibly/ ramified covering of smooth, proper curves over
finite extensions of Q.] Let e be a positive integer;

DCY; ECZ

effective, Z-flat Cartier divisors such that the generic fibers Dg, Eg satisfy
the following conditions: (a) Dg, Eq are reduced; (b) Dg = gb@l(EQ)red;

(c) if we write Uy def Y\D, Uz = def Z\E, then ¢q restricts to a finite étale
morphism (Uy )g — (Uz)q; (d) the ramification index of ¢g at each point
of Dqg divides e. Then:

(i) If we restrict functions on Z(Q), Uz(Q) to Uy (Q) via ¢, then
log-condy — log-cond, < log-diffy — log-diff, < ( ) log-cond

on Uy (Q).
(7i) Suppose that the ramification index of ¢g at each point of Dg is
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2

equal to e. Then the sheaves of differentials “w_)
relation

(1.1) deg(wy,) = deg(wy, (Dg)) — deg(Oy, (Do)

deg(Oz, (E
= deg(wz, (Eg)lyy) {1 e dg;eig(ji;(g;)))}

— where we use the notation “deg(—)” to denote the degree of a line bundle
on Yg or Zy.

on Yo, Zg satisfy the

Proof. First, we consider assertion (i). We begin by observing that there

exists a finite set of prime numbers ¥ such that the restriction of Y — Z to

the spectrum of Z[X~!] dof Z[{p~'}pex] is a finite tamely ramified mor-

phism of smooth, proper families of curves over finite étale coverings of
Spec(Z[X71]). In particular, the “prime-to-X portion” of the inequality
“log-condg — log-cond;, = log-diffy, — log-diff, < (1 —e™ 1) -log-condg”
i.e., with “=" and “<”, not “<”!] follows immediately from the elementary
theory of differents. Note that the “portion over ¥” of log-condy, log-condp,
is &~ 0 [cf. Remark 1.5.1], while [again by the elementary theory of differents]
the “portion over 7 of log-diffy —log-diff ; is > 0 [i.e., with “>", not “2"1].
Thus, to complete the proof of assertion (i), it suffices to show that the
“portion over ¥.” of the quantity log-diffy, — log-diff, is bounded in Uy (Q).
Moreover, by working locally, we reduce immediately to the following ele-
mentary claim:

Fix a prime number p and a positive integer d. Then there
exists a positive integer n such that for any finite Galois
extension L/K of finite extensions of Q, with [L : K] < d,
the different ideal of L/K contains p" - O, [where we write
Oy, for the ring of integers of L.

To verify this claim, we reason as follows: By separating the extension
L[¢]/ K, where ( is a primitive p-th root of unity, into a composite of wildly
ramified and tamely ramified extensions [and observing that if we restrict to
tamely ramified L/ K, then it suffices to take n = 1], we reduce immediately
to the case of wildly ramified L/ K such that K contains a primitive p-th root
of unity (. Moreover, since Gal(L/K) is a [necessarily solvable!] p-group of
order < d, it suffices to consider the case where [L : K| = p. Since ¢ € K,

it follows immediately from elementary Kummer theory that L = K(\) for

some A € L such that x Lt \p € K. Moreover, by multiplying x by an

element of (K*)?, we may assume that x is a unit multiple of 7%, where
7k is a uniformizer of K and a is a nonnegative integer < p. In particular,
it follows that k € Ok, but k ¢ p? - Ok, hence that Op D X-Or D p-Of.
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On the other hand, since in this case, we have an inclusion of Og-algebras
Ok[X]/(XP—k) — Op, one computes easily that the different ideal of L/ K
contains p - AP~1. Op D pt®=1 . Op = pP . Op. This completes the proof
of the claim, and hence of assertion (i). Assertion (ii) follows immediately
from the Riemann-Hurwitz formula for ramified coverings of smooth, proper
curves. U

2. BOUNDS ON HEIGHTS

In the present §2, we discuss our first main result [cf. Theorem 2.1],
to the effect that the so-called Effective Mordell or ABC Conjectures are
equivalent to the ABC Conjecture for rational points [over number fields of
bounded degree] contained in a fixed compactly bounded subset of the set of
all rational points [cf. Example 1.3, (ii)]. The technique used in Corollary
2.1 goes back to work of Elkies [cf. [2]; [3]] and Moret-Bailly and Szpiro
[cf. the discussion at the top of [2], p. 106], except that instead of using
“arbitrary” Belyi maps, we use noncritical Belyi maps, as discussed in [7].

Theorem 2.1 (Compactly Bounded Subsets and the ABC Conjec-
ture). Let X be a finite set of prime numbers. Then in the terminology of
§1 [cf., especially, Definitions 1.2, 1.5; Example 1.3; Remarks 1.4.1, 1.5.1],
the following two statements are equivalent:

(i) (Effective Mordell/ABC /Vojta Conjecture) Let X be a smooth,

proper, geometrically connected curve over a number field; D C X a reduced

divisor; Ux def X\D; d a positive integer; € € Ry a positive real number.

Write wx for the canonical sheaf on X. Suppose that Ux is a hyperbolic
curve — i.e., that the degree of the line bundle wx (D) is positive. Then
the inequality of BD-classes of functions

ht, 0y S (1 + ¢€)(log-diffx + log-condp)
holds on Ux (Q)=.

(ii) (ABC Conjecture for X-Supported Compactly Bounded Sub-

def

sets) Let P = IP’}@ be the projective line over Q; C C P the divisor

consisting of the three points ‘07, “17, and “c0”; Up def P\C; d a posi-

tive integer; € € Rsq a positive real number; Ky C Up(Q) a compactly
bounded subset [i.c., regarded as a subset of P(Q) — cf. Ezample 1.3,
(ii)] whose support contains X. Write wp for the canonical sheaf on P.
Then the inequality of BD-classes of functions

ht,,c) S (1+ €)(log-diffp + log-cond)
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holds on Ky N Up(Q)=C.

Proof. The fact that (i) = (ii) is immediate from the definitions. Thus,
it suffices to verify that (ii) = (i). Let X, D, Ux, d, € be as in (i). Now
it follows immediately from the well-known structure of étale fundamental
groups of hyperbolic curves over algebraically closed fields of characteristic
zero that for any positive integer e, there exists a connected finite étale
Galois covering Uy — Ux, such that if we write Y for the normalization of

X in Uy and F def (D xx Y)ea C Y, then Y is a hyperbolic curve, and,
moreover, Y — X is ramified at each point of E with ramification index
equal to e. Here, we think of e as a fixred number that will be chosen below.

Write ' &' d- deg(Y/X). Then I claim that to complete the proof of the
implication “(ii) = (i)”, it suffices to verify the inequality

htyy, S (14 €) - log-diffy

on Uy(@)gd/ for arbitrary € € Rsg. Indeed, suppose that this inequality
is satisfied for some ¢ € Rsq such that (1 4+ €)?> < 1+ ¢ Then by choos-
ing appropriate normal, Z-proper, Z-flat models for Y, X, we may apply
Proposition 1.7, (i), to conclude that log-diffy, < log-diffy + log-condp on
Uy (Q)=%; moreover, by Proposition 1.7, (ii), it follows that by choosing e
to be sufficiently large, we may assume that deg(wx (D)|y) = deg(wy (E)) <
(1 +¢€) - deg(wy). But, by Proposition 1.4, (i), (ii), (iii), this implies that
ht, oy < (1+¢)-hty, on Uy (Q)=%. Thus, we conclude that

(1 + €)*(log-diffy + log-cond))
(1 + €)(log-diffy + log-condp)

htyo(p) S (1+¢€) htwy, < (1+4€)%-log-diffy

AN N 2

on Uy (Q)=?. Since every point of Uy (Q)=? clearly lifts to a point of
Uy (Q)=%, this completes the verification of the claim.

Thus, in summary, to complete the proof of Theorem 2.1, it suffices to
verify that (ii) implies (i) for data X, D, Ux, d, € as in (i) such that D = 0.
To this end, let us suppose that the inequality

hty, S (1+¢€)-log-diffy

wWx A~

is false on X (Q)~%. Let V C V(Q) be a finite subset that contains V(Q)°
and [the subset of V(Q)"°" determined by| ¥. Then it follows immediately
from the compactness of the set of rational points of X over any finite exten-
sion of Q, for v € V that there exists a subset £ C X (Q)~%, together with
a(n) [unordered] d-tuple of points =, of X(Q,) for each v € V, such that
the inequality ht (14 €) - log-diffy is false on =, and, moreover, the

<
wWx o~
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[unordered] d-tuples of Q-conjugates of points € E converge, as [unordered]
d-tuples of points of X(Q,), to Z,. Moreover, by the main result of [7] [cf.
[7], Theorem 2.5], there exists a “noncritical Belyi map”

¢o: X —-P

which is unramified over Up, and, moreover, “noncritical” at the points
of each Z, [i.e., maps the points of each Z, into Up(Q,)]. In particular,
[after possibly eliminating finitely many elements from =] it follows that
there exists a compactly bounded subset Ky C Up(Q) [i-e., whose bounding
domains are the unions of Galois-conjugates of images via ¢ of sufficiently
small compact neighborhoods of the points of =, in X(Q,), for v € V] such

that ¢(2) C Ky

Now set £ & ¢ HC)red € X [50 ¢*wp(C) = wx(E)]. Let € € Ryg be

such that the inequality
14éd <(14e)- (1 ey deg(E)/deg(wX)>
is satisfied. Then by (ii), it follows that ht,,y < (1 + €)(log-diffp +

[

log-cond) on ¢(Z). On the other hand, by choosing appropriate normal,
Z-proper, Z-flat models for P, X, we may apply Proposition 1.7, (i) [where
we take “e” to be 1], to conclude that log-diffp + log-cond~» < log-diffy +

)

log-cond, on ZE. Also, we recall from Proposition 1.6 that log-condp <

Y

htp % def hto, gy on Z. Thus, by Proposition 1.4, (i), (iii), we compute to find
that
ht,, ~ ht, (g —htg ~ ht,, ) —htg

)
(1 + €')(log-diffp + log-cond) — htg
(1 + €")(log-diffy + log-condy) — htg
)
)

AN ZANR AN

(1+ €)(log-diffy + htg) —htg ~ (1+¢€)-log-diffy +¢ - htg
(1+¢€)-log-diffy + €' - (deg(F)/deg(wx)) - htyy

on Z, i.e., that ht,, < (1+¢)-log-diffy on = — in contradiction to our
hypothesis on =. This completes the proof of Theorem 2.1. 0

Q

3. FuLL SPECIAL LINEAR GALOIS ACTIONS ON TORSION POINTS

In the present §3, we give various conditions on a prime | that ensure
that the image of the Galois representation on the [-power torsion points
of an elliptic curve over a number field is “rather large” [cf. Theorem 3.8].
In particular, we show that if one considers elliptic curves over number
fields of bounded degree that have at least one [nonarchimedean| prime of
potentially [bad] multiplicative reduction, then, if one excludes finitely many
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exceptional elliptic curves, it holds that for any prime number | of the order
of the height of the elliptic curve, the image of the associated Galois rep-
resentation in GLa(Z;) contains SLa(Z;). Here, the condition of having at
least one prime of potentially multiplicative reduction holds automatically,
with finitely many exceptions, if one restricts oneself to elliptic curves arising
from points of the moduli stack of elliptic curves that are contained in some
compactly bounded subset of the set of all points. In particular, for such a
prime number [, the elliptic curve will not have any rational torsion points
of order . Thus, this result may be regarded as a sort of “poor man’s uni-
form boundedness conjecture” — now Merel’s theorem [cf. [6]] — although,
in fact, it is not strictly implied by Merel’s theorem. Alternatively, it may
be regarded as an effective version of a theorem of Serre [cf. [11], Chapter
IV, Theorem 3.2]. The proof is similar to that of Faltings’ proof of the Tate
Conjecture [cf. [4]], only technically much simpler. That is to say, the main
technique is essentially the standard one, going back to Tate, for proving
“Tate conjecture-type results”.

We begin by reviewing various well-known facts concerning the structure
of SLo(Fy), SLa(Zy), for | a prime number > 5.

Lemma 3.1 (The Structure of SLy). Let | > 5 be a prime number.
Then:

(i) Let G C SLa(IF;) be the subgroup generated by the matrices o aof (1 1),

01
B (0. Then G = SLa(F)).

(i) The finite group SLs(F;) has no nontrivial abelian quotients.

(iii) Let H C GLo(IF;) be a subgroup that contains the matriz o def ((1)
as well as at least one matrix that is not upper triangular. Then SLo(F;)
H.

(iv) Let J C GL2(Z;) be a closed subgroup whose image Hj in GLo(IF;)

. . def . L
contains the matrizc o = ((1) 1), as well as a matrix which is not upper

triangular. Then SLo(Z;) C J.

)
C

Proof. First, we consider assertion (i). Note that if , A € F;, then B - o’
[where we observe that this expression makes sense since both o/ and ' are

equal to the identity matrix| takes the vector v def ((1)) to ( 2 ) Thus, if

A1
we let dof ((1) (1)), then for any A € F, there exists a gy € G such that

Ay-v= (6\) = g) - v. In particular, we have A- g1 v =A-~v-v =gy v, so
A-v € G-v. Thus, in summary, we have proven that (F; x ;) —{(8)} CGw.
Now let us prove that an arbitrary element 6 € SLo(F;) is contained in G.
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By the conclusion of the above argument, we may assume that §-v = v. But
this implies that ¢ is a lower triangular matrix all of whose diagonal entries
are equal to 1. Thus, § is a power of 3, hence contained in GG, as desired.
This completes the proof of assertion (i).

Next, we consider assertion (ii). Let A € F)* be such that A\? # 1. [Note

that such a A exists since [ > 5.] Let € dlef (6\ /\0_1). Thene-a-e1-a 1=

oL, Thus, « (and, similarly, 3) is contained in the commutator subgroup
of SLy(FF;), so assertion (ii) follows from assertion (i). This completes the
proof of assertion (ii).

Next, we consider assertion (iii). Note that o generates an [-Sylow sub-
group S of GLs(IF;), and that the number of [-Sylow subgroups of G Lo (F;)
is precisely [ + 1. Since the normalizer of S in GLy(IF;) is the set of upper
triangular matrices, and we have assumed that H contains at least one non-
upper triangular matrix, it follows that the number ny; of [-Sylow subgroups
of H is > 2. On the other hand, by the general theory of Sylow subgroups,
it follows that ng is congruent to 1 modulo [. Since 2 < nyg <[+ 1, we
thus obtain that ng = [ 4 1. In particular, in the notation of assertion (i),
we conclude that a, 8 € H. Thus, by assertion (i), we have SLs(F;) C H,
as desired. This completes the proof of assertion (iii).

Finally, we consider assertion (iv). By assertion (iii), we have that SLs(IF;)
C Hjy. Let J' C SLy(Z;) be the closure of the commutator subgroup of .J.
Thus, by assertion (ii), J’ surjects onto SLso(F;). Now by [11], Chapter
IV, §3.4, Lemma 3, this implies that SLs(Z;) = J' C J, as desired. This
completes the proof of assertion (iv). O

Next, we consider the local theory at nonarchimedean primes. Let K be
a finite extension of Q, [where p is a prime number| with residue field £,

maximal ideal mxg C Ok, and wvaluation map vk : K* — 7Z |which we

normalize so that vk is surjective]; K an algebraic closure of K; G def

Gal(K/K); E — Spec(Ok) a one-dimensional semi-abelian scheme over
Ok such that the generic fiber Ex of E is proper, while the special fiber Ej,
of E is isomorphic to (G,,)x, the multiplicative group over k.

Let [ be a prime number [possibly equal to pl|; write

My(E) ¥ Hom(z/1 - 2, B(K))

for the “mod 1”7 Tate module of Ex. Thus, M;(FE) is [noncanonically!] iso-
morphic as an F;-module to F; x F;, and, moreover, is equipped with a
continuous action by Gx [induced by the natural action of G'x on K]. Also,
it is well-known [cf., e.g., [5], Chapter III, Corollary 7.3| that M;(FE) fits into
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a natural exact sequence of G g-modules
0—F(1)— M(E)—F —0

— where the “(1)” is a Tate twist, and “IF;” is equipped with the trivial Ga-
lois action. Moreover, the extension class associated to this exact sequence
is precisely that obtained by extracting an [-th root of the Tate parameter
qe € mg. The Tate parameter is an element of myg that is naturally associ-
ated to F and has the property that the subscheme Ok /(¢g) is equal to the
pull-back via the classifying morphism Spec(Qx) — My — where we write
M.y for the moduli stack of one-dimensional semi-abelian varieties over Z
— of the divisor at infinity corq € M,y. Thus, the above exact sequence
splits if and only if g has an [-th root in K. Note that in order for this to
happen, it is necessary that vi (qg) be divisible by I. In particular, we have
the following well-known result.

Lemma 3.2 (Local Rank One Subgroups of [-Torsion).

(i) Let
N C My(FE)
be a one-dimensional F;-subspace which is stabilized by Gi. Then either
vi(qr) € 1-7Z, or N is equal to the submodule Fi(1) C M;(E) of the above
exact sequence.

(ii) The submodule Fi(1) C M;(E) of the above exact sequence defines

a finite, flat subgroup scheme p; C E over Ok, whose quotient we denote

by E' & E/w,. [Thus, E' — Spec(Ok) is a one-dimensional semi-abelian

scheme over Ok whose generic fiber is proper, and whose special fiber is
isomorphic to (Gy,)k.] The Tate parameter qg of E' satisfies the relation
Jg = q%; i particular, we have

— where we write deg, (F) et log(#(0k/(qr))) € R.

Definition 3.3. We shall refer to the positive integer vk (qp) € Z~q as the
local height of E [or Ef].

Remark 3.3.1. Note that even if EFx only has potentially multiplicative re-
duction, one may define the local height of Ex as the element € Q computed
by dividing the local height of Ex X i L for some finite extension L of K over
which Ex has multiplicative reduction by the ramification index of L/K [so

one verifies immediately that this definition is independent of the choice of
L].
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Next, let ' C Q be a number field, E — Spec(Or) a one-dimensional
semi-abelian variety whose generic fiber Er is proper. Also, for simplicity,
we assume that F is totally imaginary. Thus, Er is an elliptic curve over F'.
Let us write wg for the finite, flat Op-module of rank one consisting of the

invariant differentials on E. If v € V(F)?°, then we get a natural metric on

(WE)v def (wg) ®F F, by integration: if a € (wg),, then

|2 d:ef/ aNa
v

— where F, B r F,, and @ is the complex conjugate of a. Thus, by
equipping wg with this metric at the archimedean places of I, we obtain an
arithmetic line bundle Wg on Spec(OF). Let us write

bt (E) < deg (@) € R
for the so-called Fualtings height of the elliptic curve E.
Next, let us observe that £ — Spec(Op) defines a classifying morphism

¢ : Spec(OF) — My

— where we write Mg for the moduli stack of one-dimensional semi-abelian
varieties over Z. As is well-known, this stack has a “divisor at infinity”
oom € Mgy, whose complement Mgy € Mgy is the moduli stack of elliptic
curves over Z. Set
f
deg,. (E) = degp(cop) € R

— where we write cop & ¢~ (com) C Spec(Or).

Although the algebraic stack Mgy is not a scheme, it is nevertheless nor-
mal, Z-proper, and Z-flat. Thus, one verifies immediately that the theory of
61 extends immediately to the case of Myj; in particular, one may consider
functions on subsets of M (Q), BD-classes of such functions, and height
functions on Meu(@) associated to arithmetic line bundles on Myy. Write

ht
for the BD-class of height functions determined by the line bundle

Ozt (00Mm). Also, we observe that if we write [E] € Men(Q) for the iso-

morphism class determined by E, then we may regard [E] — ht"([E]) &
bt™(E), [E] > deg. ([E]) = dego(E) as functions on Mn(Q). Now we

have the following well-known result.
Proposition 3.4 (Faltings Heights and the Divisor at Infinity). For
any € € Ry, we have

deg . < htoe < 12(1+¢€)-ht™ < (14 ¢) - hty

Y
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on M (Q). In particular, if C € R, then the set of points [E] € Mg (Q)=?
such that ht"™*([E]) < C is finite.

Proof. The first “<” follows immediately from the definitions [cf. the proof
of Proposition 1.6]. The remaining “<’s” follows from [13], Proposition 2.1
[cf. also the discussion in the proof of [5], Chapter V, Proposition 4.5, of the
logarithmic singularities at infinity of the metric defined on “Wg”, as one
allows “E” to vary in M (Q); the proof of [12], Proposition 8.2]. Finally,
the finiteness assertion follows immediately from the inequalities already
shown, together with Proposition 1.4, (iv). O

Lemma 3.5 (Global Rank One Subgroups of l-Torsion). Let e € R>o;
[ a prime number; Hr C Er a subgroup scheme such that Hr xp Q is

isomorphic to the constant group scheme determined by 7/l - Z. We shall

call such a subgroup scheme Hp l-cyclic. Write (Ex)r def Er/Hp. [Thus,

(Em)r is isogenous to Er, hence has semi-stable reduction at all the
finite primes of F' and extends to a one-dimensional semi-abelian scheme
Ef — Spec(OF).] Suppose further that | is prime to the local heights of
E at all of its primes of [bad] multiplicative reduction [a condition that is
satisfied, for instance, if | is > these local heights]. Then we have

1
12(1 +¢)

for some constant C' € R which [may depend on € but/ is independent of
E, F, Hp, and l.

[ deg, (E) <ht"™"(E) +2 log(l) + C

Proof. Note that the assumption on [ implies, by Lemma 3.2, (i), that at all
the primes of multiplicative reduction, Hp corresponds to the subspace F;(1)
of Lemma 3.2, (i). Thus, at primes of multiplicative reduction, Ey may be
identified with the elliptic curve “E’” of Lemma 3.2, (ii). In particular, it
follows that deg. (Fr) =1 -deg.(E). On the other hand, the degree [ cov-
ering morphism Ep — (Ep)r extends [cf., e.g., [5], Chapter I, Proposition
2.7] to a morphism E — Ep. Thus, we have a natural inclusion wg, C wg
whose cokernel is annihilated by . Moreover, since integrating a (1, 1)-form
over E, differs from integrating over (Ef), by a factor of [, we conclude
that ht™™(Ey) = deg(@p, ) < deg(@g) + 2 - log(l) = ht™(E) 4 2 - log(1).
Thus, Lemma 3.5 follows from Proposition 3.4. U

Before continuing, we observe the following result.
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Lemma 3.6 (An Elementary Estimate). Let € € R-. Then there exists
a constant Cy € Rsg such that for all x,y € R such that y > 1 and
x > Coy'te, it holds that x > y - log(z).

Proof. This follows immediately from the well-known elementary fact that
gt/ (%9 Nog(x)/x = log(z) - 2~/1+) = 0 as 2 — 0. O
Lemma 3.7 (Finite Exceptional Sets). Let Ky € M(Q) be a com-
pactly bounded subset, ¢ € R.y. Then there exists a constant C' € R+
and a Galois-finite [cf. Example 1.3, (i)] subset €xc C M1 (Q) that satisfy
the following property: Let Er be an elliptic curve over a number field L

with semi-stable reduction at all the finite primes of L; d def L : QJ;

[EL] € Mcn(Q) the point determined by Er; | a prime number. Consider
the following two conditions on the above data:

(a) 1 > 100d - (ht"™([EL]) 4+ C - d€), and EL, has at least one prime of
[bad] multiplicative reduction;

(b) [EL] € Ky, and | is prime to the local heights of Er at all of its
primes of multiplicative reduction.

Then if (a) is satisfied, then | is > the local heights of Ey, at all the primes
of multiplicative reduction. If (b) is satisfied, and [Er] € €rc, then Er, has at
least one prime of multiplicative reduction. If either (a) or (b) is satisfied,
and, moreover, Er admits an l-cyclic subgroup scheme Hj C Ey, then

[EL] € Crc.

Proof. First, observe that if v is any local height of Er, then d-deg  ([EL]) >
v - log(2). Next, let us observe that by Proposition 3.4, for an appropriate
choice of C', we may assume that ht™*([Er]) + C - d® > ht™™([EL]) + C >
L - deg ([EL]) [i-e., where we take “12(1 +¢€)” to be 14]. Thus, condition
(a) implies that

100d 100 - log(2

[ > BYR ~deg ([EL]) = (_14g( )

— i.e., that [ is > the local heights of E at all the primes of multiplicative

reduction. On the other hand, if condition (b) is satisfied, and, moreover Ef,

has no primes of multiplicative reduction [so deg.([EL]) = 0], then the fact

that [Er] € Ky implies that hto([Fr]) is bounded [independently of L, Ep,

[], so, by Proposition 1.4, (iv), [E'r] belongs to some [fixed] finite exceptional
set €xc, [which we think of as €rc() M (Q)=9], as desired.

For the remainder of the present proof, let us assume that either (a) or

(b) is satisfied [so [ is prime to the local heights of Er], and that E7 admits

)"U>’U
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an [-cyclic subgroup scheme Hy C Ey. Thus, by Lemma 3.5, we conclude
that

o deg () < N (EL) + 2+ log(D) + C' (1)

for some constant C” € R [i.e., “C”] as in Lemma 3.5.

Now suppose that condition (a) is satisfied. Let Cy be as in Lemma 3.6.
Then let us observe that if we choose C' sufficiently large [cf. Proposition
3.4] that the inequality of condition (a) implies that I > Cp(254.)1%¢ then

log(2)
by Lemma 3.6 [where we take “z” to be [, and “y” to be 156d |, we conclude
that [ > 561§gl(()§)( ), hence that

L1og(2) |y
14 28d +C ()

i.e., by substituting into (f)]. Now since Ep has at least one prime of
bad reduction, it follows that log(2) < d - deg. ([Fr]). Thus, substituting

into (1), we obtain that “gg((f) < htf™([EL]) + C’. On the other hand,

10;(32) > 25, and, by assumption, [ > 100d - ht¥([E]), so, by substituting,
we obtain that 2 ht™*([EL]) < ht™*([EL]) + ', i.e., that ht"™*([EL]) < C".
But this implies, by Proposition 3.4, that [E1]| belongs to some [fixed| finite
exceptional set €rc, [which we think of as Erc( M (Q)=9, as desired.

Now suppose that condition (b) is satisfied. Recall that by definition,
ht ([Er]) may be computed as the sum of deg_ ([Er]) and an archimedean
term which, in the present situation, is bounded, since [Er] € Ky . In par-
ticular, by modifying C' — in a fashion that depends on KCy/! — and apply-
ing Proposition 3.4, we may assume that deg. ([Er]) > htoo([FL]) — C' >
7-ht"([EL]) — 2C". Thus, by substituting into (1) [and perhaps modifying
C’ again], we obtain that

é~htFalt([EL]) < ﬁ-de (B +1-C" < BB+ 31 ¢

— i.e., [since we may assume that C' was chosen so that [ > 5] that [ -
ht*([EL]) < 2(1 — 2)ht™([EL)) < 121 - 7, so ht™™([EL]) < 12- C’. Thus,
again we conclude by Proposition 3.4 that [E7] belongs to some [fixed| finite
exceptional set €xcy [which we think of as €rc (| Men(Q)<Y, as desired. O

~deg ([E1]) < ht™([Ex]) +

Theorem 3.8 (Full Special Linear Galois Actions). Let Q be an al-
gebraic closure of Q, Ky € M1(Q) a compactly bounded subset /cf.
Ezxzample 1.3, (ii)], € € Rsg. Then there exist a constant C' € R-g and a
Galois-finite [cf. Ezample 1.3, (i)] subset €xc C M (Q) that satisfy the
following property:
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Let Ey, be an elliptic curve over a number field L C Q such that the iso-

morphism class [Er] € Mei(Q) of Er does not belong to €xc; d def [L:Q;
[ a prime number such that [at least] one of the following two conditions
s satisfied:

(a) 1 > 23040 - 100d - (Wt*™*([EL]) 4+ C - d°), and Ep, has at least one
prime of potentially multiplicative reduction;

(b) [EL] € Ky, and | is prime to the local heights of Er at all of its
primes of potentially multiplicative reduction [cf. Remark 3.8.1], as
well as to the number 2 -3 -5 = 30.

Then the image of the Galois representation Gal(Q/L) — GLy(Z;) associ-
ated to Ey, contains SLa(Z;).

Proof. First, let us observe that for an Ej as in the statement of Theo-

rem 3.8, there exists a Galois extension L' of L of degree that divides dy def

(32—1)(32—3)(5%>—1)(52—5) = 23040 [i.e., the order of G Ly(IF3) x G'Lo(F5)],
so as to render the 3- and 5-torsion points of Ey, rational over L' [which has
the effect of eliminating automorphisms of elliptic curves in all character-

istics|, we may assume that Ep/ dlef E; x; L' has semi-stable reduction at
all of the finite primes of L. [Here, we note that passing to such a Galois
extension of L only affects the prime decomposition of the local heights via
the primes that divide dg, of which there are only finitely many, namely, 2,
3, and 5.] Next, let us observe that for a suitable choice of C' € R~ and
Erc € M(Q), if Er, and [ satisfy condition (a) (respectively, (b)) of the
statement of Theorem 3.8, then Ey/ and [ satisfy condition (a) (respectively,
(b)) of Lemma 3.7 [perhaps for a different “C”]. Thus, [cf. the portion of
Lemma 3.7 that asserts that “l is > the local heights”] for Er, [ as in the
statement of Theorem 3.8, the local height of Er, at a finite prime of L’ of
multiplicative reduction is not divisible by . Note, moreover, that at least
one such finite prime exists [cf. the content of condition (a); Lemma 3.7 in
the case of condition (b)]. Thus, it follows from the discussion of the local
theory preceding Lemma 3.2 that the image of Galois in GL2(F;) contains
the element “a” of Lemma 3.1, (iv), i.e., ((1) %) On the other hand, by the
portion of Lemma 3.7 concerning l-cyclic subgroup schemes, it follows that
the image of Galois in G'Lo(IF;) contains at least one matrix which is not
upper triangular. Thus, we conclude from Lemma 3.1, (iv), that the image
of Galois in GL2(Z;) contains SL2(Z;), as desired. O
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4. PRIMES OF PRESCRIBED SIZE

In the present §4, we combine the full Galois action result given in Theo-
rem 3.8 with some classical analytic number theory to give versions of The-
orem 3.8 [cf. Corollaries 4.3, 4.4] that assert the existence of bounded prime
numbers [ satisfying various properties, such as the property of being dis-
tinct from various prime numbers that are, in some sense, “characteristic”
to the elliptic curve under consideration.

We begin by reviewing the following result in classical analytic number
theory.

Lemma 4.1 (The Existence of Primes of Prescribed Size). Write
RLy € Rsq for the complement in Rq of the set of prime numbers;

0(z) = log(p)

p<zx

— where the sum is over prime numbers p < x — for x € RL,. Let M be
a positive integer; €, z.,Ce € Ry such that 0 < € < i, €-x. > Cc, and,
moreover, we have:

(i) 224 Ce > 0(x), for allz € RL; 0(z) > (1 — €)z, for all z € R,
such that x > x¢;
(ii) M -log(z) < e€-x, for all x € Rsg such that x > z.

Also, let us write

24 =Y log(p)
peA
for any finite set of prime numbers A. Then for any nonnegative h € R
and any finite set of prime numbers A such that x4 > x., there exist M
distinct prime numbers pi,...,pyr such that p; ¢ A, and h < p; <
(1+6€)-x4+8h, forj=1,..., M.

Proof. Indeed, write def b€, YA def (1 +0) - x4+ 8h, and suppose that

the conclusion of Lemma 4.1 is false. Then it follows that there exists
an offending finite set of primes A such that x4 > z., and, moreover, all
prime numbers p such that h < p < ya belong — with M — 1 possible
exceptions — to A. But then it follows from the definitions that z 4 >
—(M —1)-log(ya) = 0((L+6)h) +0(y.a) = —M -log(ya) —O((L+6)h) +6(y.a).
Thus, we compute:

x> —M -log(ya) — 0((1 +0)h) + 0(y.a)
> —€-ya—5(1+06)h/4—Cc+ (1 —¢€) ya
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(1—=2¢)-ya—5(1+0d)h/4—C.
=(14+6—2e—20-€)-x4+8(1—2¢)h —5(1+0)h/4—C.
> (1406/2—2€¢)- 24 +4h —5(1 +8)h/4— C.

>xp+ (e-x4—Cc)+ (4h —5(1+)h/4)

— a contradiction, since € - x4 > €-x. > C¢, 5(1 + J)/4 < 4. Note that
here we may assume without loss of generality that y4, (14 0)h € RL, for
instance by replacing 9, h by real numbers slightly greater than the given 4,

h — which does not affect the above argument in any substantive way. [J

Remark 4.1.1. The issue of finding €, x., C. which satisfy condition (ii) of
Lemma 4.1 is entirely elementary. On the other hand, with regard to con-
dition (i), the fact that 6(z)/x — 1 as © — oo is a well-known consequence
of the prime number theorem of classical analytic number theory — cf., e.g.,

[1], p. 76.

Lemma 4.2 (Some Elementary Estimates). Let n be a positive integer;
D1,y Pn prime numbers; hy, ..., h, positive integers. Then we have

> iy log(p;) < h
> i1 log(hy) < 30, log(hj+1) < 3h/2

— where h def Z?Zl h; - log(p;).

Proof. Indeed, the first and second inequalities are immediate; the third
inequality follows from the easily verified fact that log(H + 1) < (3H/2) -
log(2) for any positive integer H. 0]

Corgllary 4.3 (Full Galois Actions for Degenerating Elliptic Curves).
Let Q an algebraic closure of Q; € € Rsg. Then there erists a constant

C € Ryg and a Galois-finite [cf. Example 1.3, (i)] subset €xc C Mn(Q)
which satisfy the following property:

Let Er, be an elliptic curve over a number field L C Q, where L is a

minimal field of definition of the point [EL] € M (Q), and [Er] & &xc;

S a finite set of prime numbers. Suppose that E; has at least one

prime of potentially multiplicative reduction. Write d def [L : Q];

zs def > pes log(p). Then there exist prime numbers lo,le & S which sat-
1sfy the following conditions:
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(a) lo, le are prime to the primes of potentially multiplicative re-
duction, as well as to the local heights, of Er. Moreover, lo is
prime to the primes of Q that ramify in L, as well as to the ram-
ification indices of primes of Q in L.

(b) The image of the Galois representation Gal(Q/L) — GLa(Zy,)
associated to Ej, contains SLo(Zy,). The Galois representation
Gal(Q/L) — GL2(7,,) associated to Ey, is surjective.

(¢) The inequalities

lo < 23040 - 900d - ht™([EL)) + 225 + C - d' e

lo < 23040 - 900d - ht™ " ([EL]) + 6d - log-diffg;  ([EL])) + 2zs + C - d'*¢
hold.

Proof. First, let us observe that if Ey is as in the statement of Corollary
4.3, and [ is any prime number that is unramified in L, then the image of
the Galois representation Gal(Q/L) — GLz(Z;) associated to Ef, contains
SLy(7;) if and only if the Galois representation Gal(Q/L) — GLo(7Z;) is
surjective. [Indeed, this follows immediately from the well-known fact that
the field extension Q((;~)/Q obtained by adjoining the [-th power roots of
unity to Q is totally ramified over the prime [, hence linearly disjoint from
the extension L/Q.] Thus, by applying Theorem 3.8 — relative to condition
(a) of Theorem 3.8 — we conclude that to complete the proof of Corollary
4.3, it suffices to show the existence of prime numbers [,, [, that satisfy the
conditions (a), (c), and, moreover, are > 23040 -100d - (ht™*([EL]) + C" - d°),
where C” € R+ is a constant [i.e., the “C” of Theorem 3.8].

Now let us write S, for the union of &, the primes of Q that lie under
primes of potentially multiplicative reduction of Ep, and the primes that
appear in the prime decomposition of the local heights of Er; write So for
the union of S,, the primes of Q that ramify in L, and the primes that
divide the ramification indices of primes of @Q in L. Thus, [in the notation
of Lemma 4.1] we conclude from Lemma 4.2 and Proposition 3.4 that

Ts, < xs + (14 3/2)-23040d - deg . ([EL])
< zs+43-12-23040d - ht™™([EL]) +d - C”

— where we take the “1 4 ¢” of Proposition 3.4 to be 6/5; C” arises from
the constant implicit in the inequalities of BD-classes in Proposition 3.4; the
“h” of Lemma 4.2 corresponds to 23040d - deg([F]) [cf. the meaning of
“dp = 23040” in the proof of Theorem 3.8]. In a similar vein, since [as is
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easily verified, by considering the trace of an extension of number fields| the
primes appearing in the arithmetic divisor that gives rise to “log—diffmen” [cf.
Definition 1.5, (iii)] appear with multiplicity > one less than the ramification
indices of L)Q, we conclude that zs, < s+ 3-12-23040d - ht™*([EL]) + 3d-
log-diffy; ([Er])) +d-C". Now we apply Lemma 4.1 by taking “M” to be
1, “1+6€” to be 2, “h” to be 23040 -100d - (ht™* ([EL]) +C’-d€), and “A” to
be S, or S, [and applying the estimate 2-3-12+8-100 < 100 + 800 = 900];
here, we observe that by enlarging S [and possibly increasing the “C” of
condition (c)|, we may always assume that z. < zs (< x5, < zs,). Thus,

the existence of [, le as desired follows immediately from Lemma 4.1 [cf.
also Remark 4.1.1]. O

Corollary 4.4 (Full Galois Actions for Compactly Bounded Sub-
sets). Let Q an algebraic closure of Q; Ky C M(Q) a compactly
bounded subset [cf. Ezample 1.3, (ii)]. Then there erxists a constant
C € Ry and a Galois-finite [cf. Ezample 1.8, (i)] subset €xc C M (Q)
which satisfy the following property:

Let Er be an elliptic curve over a number field L C Q, where L 1s
a minimal field of definition of the point [Er] € M (Q), [EL] € Ky,

and [Er] ¢ €e; S a finite set of prime numbers. Write d 2ef L : Q;

s def ZpES log(p). Then there exist prime numbers lo,le € S which satisfy
the following conditions:

(a) lo, le are prime to the primes of potentially multiplicative re-
duction, as well as to the local heights, of Er. Moreover, lo is
prime to the primes of Q that ramify in L, as well as to the ram-
ification indices of primes of Q in L.

(b) The image of the Galois representation Gal(Q/L) — GLo(Zy,)
associated to Ey, comtains SLy(Z,). The Galois representation
Gal(Q/L) — GL2(Z,,) associated to Ey, is surjective.

(c) The inequalities

lo < 23040 - 100d - ht™([EL)) + 225 + C - d

le < 23040 - 100d - ht"™"([EL]) + 6d - log-diffy; ([EL])) + 225+ C - d
hold.
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Proof. The proof is entirely similar to [but slightly easier than] the proof of
Corollary 4.3, except that instead of applying condition (a) of Theorem 3.8,
we apply condition (b) of Theorem 3.8. Also, when applying Lemma 4.1,
we take “h” to be 0. 0]

Remark 4.4.1. Typically, in computations of arithmetic degrees, such as
heights [i.e., “ht¥*(—)” etc.], the terms that appear in a sum that com-
putes the arithmetic degree are not terms that are “polynomial in [”, but
rather terms that are linear in log(l). Thus, in the context of Corollaries
4.3, 4.4, if [ is equal to I, or lo, then log(l) is of the order of

log(ht™™*(—)) + (1 + €) log(d)
or
log (Bt () + log(log-diffcy,, () + (1 +¢) og(d)
— hence asymptotically bounded by

e - (ht™* (=) + d)
or
e (Mt (=) + log-diffz (=) + d)

— for € > 0.

Remark 4.4.2. Let Up C P be as in Theorem 2.1, (ii). Thus, by regarding
Up as the “A-line” [i.e., regarding the standard coordinate on P as the “A” in
the Legendre form “y? = x(x—1)(x—M\)” of the Weierstrass equation defining
an elliptic curve], one obtains a natural finite étale [classifying] morphism
Up — Men Xz Q. Then one verifies immediately that [relative to the elliptic
curves obtained from points € Up(Q) via this classifying morphism] one
obtains a result entirely similar to Corollary 4.4 by replacing “Mey € Men”
by Up C P. In particular, in the context of Theorem 2.1, (ii), one may
always assume the existence of prime numbers l,, lo as in [this Up C P
version of| Corollary 4.4.
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