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WEAKLY BOUNDED HEIGHT ON MODULAR CURVES

P. HABEGGER

ABSTRACT. We study the intersection of a fixed plane algebraic curve C' with
modular curves of varying level. The height of points in such intersections
cannot be bounded from above independently of the level when C' is defined
over the field of algebraic numbers. But we find a certain class of curves C' for
which the height is bounded logarithmically in the level. This bound is strong
enough to imply certain finiteness result. Such evidence leads to a conjecture
involving a logarithmic height bound unless C is of so-called special type. We
also discuss connections to recent progress on conjectures concerning unlikely
intersections.

1. INTRODUCTION

In this article we investigate points on a fixed plane algebraic curve whose
coordinates are j-invariants of two varying isogenous elliptic curves. To this end
we regard the affine line A' over the field of complex numbers as the j-line. In
other words it parameterizes elliptic curves defined over C up-to isomorphism.
We identify all varieties with their set of complex points.

For an integer N > 1let @ € Z[X, Y] denote the Nth modular transformation
polynomial and let Yo(N) C A? be the variety it cuts out. Then Yp(N) is a
geometrically irreducible algebraic curve. Moreover, the coordinates of a point
on this curve are j-invariants of two elliptic curves which are related by a cyclic
isogeny of degree N. For more details we refer to Chapter 5 of [19].

Let C' C A? be an irreducible algebraic curve defined over C.

We call a complex number a singular j-invariant if it is the j-invariant of an
elliptic curve with complex multiplication. Singular j-invariants are algebraic
integers. For the moment we assume that C' contains infinitely many points
(z,y) with z and y singular j-invariants. The André-Oort Conjecture predicts
that C is either Yo(IV) for some integer N > 1, or {jo} x A!, or A x {jo} for
some singular j-invariant jy. This conjecture holds unconditionally for curves in
A? by a result of André [1].

The three types of curves

Yo(N) (N>1), {jo} xA', A'x{jo} (jo asingular j-invariant)
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which arise above are called special curves. Together with
A% and {(jo.j0)} (jo and j) singular j-invariants)

they are the class of special subvarieties of AZ.

We will mainly be interested in the height of algebraic points in the intersection
of C with Yy(N) as N varies. For such investigations it makes sense to suppose
C is defined over Q, the algebraic closure of Q in C. For a definition of the height
we refer to Section 2.

After stating the main results we will motivate such questions by connecting
them to general conjectures on unlikely intersections.

Our first result is a height upper bound which holds for a certain class of
curves.

Theorem 1.1. Let C C A? be an irreducible algebraic curve defined over Q.
Let X and Y denote the coordinate functions on A? restricted to C. We assume
deg X # degY. There exists a constant ¢(C) > 0 such that if N > 1 is an integer

and P € (CN Yy(N))(Q), then
(1.1) h(P) < ¢(C)log(1+ N).

The proof is quite short and based on the following idea: we interpret the
coordinates of P as j-invariants of elliptic curves. A theorem of Faltings implies
that both coordinates have nearly the same height. But coordinates of points on
curves with deg X # degY must have substantially different height by a result
essentially going back to Néron and Siegel.

We believe that the condition deg X # degY can be replaced by the assump-
tion that C' is not a special curve, cf. Theorem 1.3 and the conjecture below.

Let C C A? be an irreducible curve that is not special and defined over Q.
For any € > 0, one can apply Cohen’s estimate [9] for the height of modular
transformation polynomials to obtain a height bound of the form ¢(C,e)N'*e
instead of the logarithmic estimate in (1.1). Here ¢(C,€) > 0 depends only on C'
and € but not on N.

Can the upper bound in (1.1) be replaced by non-decreasing function that is
o(log N) for large N? The answer is no by the following theorem.

Theorem 1.2. Let C C A? be an irreducible algebraic curve defined over Q that
is not a special curve. There are constants ¢(C) > 0 and po(C) such that if p is
a prime with p > po(C) then there exists a point P € (C'N Yy(p))(Q) with

h(P) = ¢(C)log p.

The proof of Theorem 1.2 is more involved than the proof of Theorem 1.1. We
need a recent lower bound for linear forms in elliptic logarithms by David and
Hirata-Kohno [13]. A further ingredient is an equidistribution result for Hecke
orbits by Clozel and Ullmo [7]. Finally, the method involves an auxiliary point
whose existence is guaranteed by the André-Oort Conjecture. As mentioned
above, this conjecture is known in our situation.
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Let
(1.2) S'= ] vo().

N>1

An immediate conclusion of the last theorem is that C(Q) NS’ is infinite and has
unbounded height.

By Northcott’s Theorem, a subset of C(Q) of bounded height and bounded
degree is finite. Because the height is not uniformly bounded on C(Q) N &,
Northcott’s Theorem cannot be used to show that a subset of bounded degree is
finite. Nevertheless, in the corollary below we do obtain finiteness results in this
spirit. Instead of using Northcott’s Theorem we apply Masser and Wiistholz’s

isogeny estimates for elliptic curves [21].

Corollary 1.1. Let C be as in Theorem 1.1. For any real D the set
[Pec@ns; [Q(P): Q] < D}

is finite.

We give an example of a curve which does not satisfy the hypothesis of Theorem
1.1 but for which the conclusion, at least for prime level, holds. The proof
involves, among other things, Cohen’s estimate mentioned above.

Theorem 1.3. Let C C A? be the curve defined by X —Y = 1. There exists an

absolute constant ¢ such that if p is a prime and P € (C N Yy(p))(Q), then
h(P) < 6log(p) + c.

Unfortunately, the proof cannot treat other curves such as X +Y = 1; cf. the
end of section 6.

A finiteness result analogous to Corollary 1.1 for the curve given by X — Y =
1 can also be proven on restricting the union (1.2) to prime level. But the
argument given in the proof of Theorem 1.3 shows [Q(P) : Q] > p directly
without appealing to isogeny estimates.

We now put the above results into broader context. Pink [25] stated a vast
generalization of the André-Oort Conjecture. His Conjecture 1.3 governs the
intersection of a subvariety Z of a mixed Shimura variety with the union of
all special subvarieties of codimension strictly greater than dim Z. Accordingly,
this intersection should not be Zariski dense unless Z is contained in a special
subvariety of positive codimension inside the ambient Shimura variety.

Our terminology of special subvarieties is consistent with the language of
Shimura varieties when considering A% as a Shimura variety, cf. Proposition
2.1 [15]. Pink’s Conjecture makes no prediction on the intersection of C with
varying Yo(NN) because the codimension of Y(y(N) equals the dimension of C'. On
the other hand, recent progress made on unlikely intersections of a fixed subvari-
ety of a semi-abelian variety with varying algebraic subgroups suggests studying
heights on intersections as in our situation.

More precisely, let us for the moment assume that C' is an irreducible algebraic
curve contained in the algebraic torus GJ},. We assume that this curve is not
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contained in the translate of a proper algebraic subgroup of Gj},. Bombieri,
Masser, and Zannier [3] proved the following result: there exists B such that any
point of C contained in the union over all algebraic subgroups of codimension
at least 1 has height at most B. This is of course in contrast to the modular
situation where the height is unbounded. They then applied this height bound
and other tools to prove the following statement: only finitely many points on C
are contained in the union of all algebraic subgroups of codimension at least 2.

Following this general strategy of using a height bound to prove finiteness,
Maurin [22] was able to weaken the hypothesis on C. His theorem is the precise
analog of Pink’s Conjecture for curves defined over Q in the algebraic torus.

We return to the modular setting. In view of Pink’s Conjecture it seems natural
to study the intersection of our curve C' C A? with the union of all special curves
in A2 and not just the modular curves Yo(N). Bombieri, Masser, and Zannier [4]
noticed that singular j-invariants have unbounded height. Even earlier, Colmez
[10] proved this by supplying a height lower bound. Both statements imply that
the set of points on C having a coordinate that is a singular j-invariant has
unbounded height.

Let us define

S=8'U |J (o} x AU (A" x {jo}).
jo singular
j-invariant

This set is the union of all special subvarieties of A2 of codimension at least 1; it
contains all points whose coordinates are both singular j-invariants.

There are only finitely many singular j-invariants of bounded degree. So Corol-
lary 1.1 remains true with 8’ replaced by S, at least if we assume that C' is not
special.

In view of Theorem 1.1 we can hope for a good height bound for P € C(Q)NS
in terms of the minimal special variety containing P. We will soon formulate
a Conjecture on Weakly Bounded Height for such points. But first we need to
introduce some notation.

For P € A? we define the Zariski closed set

sp= () S
SCA?2 special,
Pes

We claim that S(P) is itself special. Indeed, say P = (z,y) and let us assume
S(P) # A2 If x and y are both singular j-invariants, then S(P) = {P}. If
precisely one among x and ¥ is a singular j-invariant, say z, then S(P) C {z}xA®.
We cannot have S(P) C Yp(IN) for some N > 1, since otherwise y would be a
singular j-invariant too. Hence S(P) cannot lie in any special subvariety of
codimension 1 other than {x} x Al. We get S(P) = {x} x Al. Finally, if neither
x or y are singular j-invariants, then P is on Yy(N) for some N > 1. Lemma 3.2
below implies that if P € Yy(N) N Yp(M) for an integer M, then N = M. We
conclude S(P) = Yy(N).
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Our claim follows and we have showed that if S(P) # A2, then
(1.3)

{P} : if x and y are singular j-invariants,
S(P) = {x} x AY : if 2 is a singular j-invariant and y is not,
A' x {y} : ifyis a singular j-invariant and x is not,
Yo(NN) : if P € Yyp(N) and x,y are not singular j-invariants.

Of course, S(P) is always defined over Q. But it needs not be defined over
the rationals. We let Sq(P) C A? denote the union of all conjugates over Q of
S(P). Tt is the minimal variety defined over Q containing S(P).

We fix the open immersion A2 — P! x P! that maps (z,y) to ([z: 1], [y : 1]).
Let us consider the pull-backs of the ample generator of the Picard group of P!
by the two projections P! x P! — P!. Their tensor product is an ample line
bundle on P! x P!. We use this line bundle to define the degree of a Zariski
closed set in P! x P!. Let Z C A2 be Zariski closed, we let deg Z denote the
degree of the Zariski closure of Z in P! x P!,

For example, deg{x} x A! = 1. Tt follows from Theorem 3, page 55 of [19]
that degy @ = degy ®x = ¥(N) where U(N) = N [],(1+17!) and the product
runs over all primes [ dividing N. So deg Yp(N) = 2¥(N). For P € S we have
(1.4)

[Q(x,y) : Q] : if x and y are singular j-invariants,
deg Sq(P) — Q(x) : Q] : if z is a singular j-invariant and y is not,
Qy) : Q] . if y is a singular j-invariant and z is not,
2U(N) : if P € Yp(IV) and z,y are not singular j-invariants.

We now state our Conjecture on Weakly Bounded Height.

Conjecture. Let C C A? be an irreducible algebraic curve defined over Q that

is not special. There exists a constant c¢(C') > 0 such that if P € C(Q) NS, then
h(P) < ¢(C)log(1 4 deg Sq(P)).

Unfortunately, we are not able to prove this conjecture for the class of curves
appearing in Theorem 1.1. Below we will show it for these curves in a weaker
form. In fact it is the special curves {jo} x At and A x {jo} we forgot in Theorem
1.1 which cause additional trouble. These problems disappear if we assume the
Generalized Riemann Hypothesis (GRH).

Corollary 1.2. Let C C A? be as in Theorem 1.1 and let us also assume that C
s not special.

(i) There exists a constant ¢(C) > 0 such that if P € C(Q) NS, then
h(P) < ¢(C)log(1 + deg Sq(P)).

(ii) If the GRH holds for all odd, real Dirichlet L-functions, then the Conjec-
ture on Weakly Bounded Height holds for C'.
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2. PRELIMINARY REMARKS AND NOTATIONS

We begin by defining a height function needed throughout this article.

Let K be a number field, in other words a finite extension of Q. We let
M IO< denote the set of non-trivial, non-archimedean absolute values on K whose
restriction to Q is the p-adic absolute value for some prime p. For v € M [(]( we set
d, to be the degree of the completion of K with respect to v over the completion
of Q with respect to the restriction of v to Q.

We define the height of x € K to be
(2.1)

> logmax{L|o(z)[} + Y dylogmax{l,|z],} | >0,
o:K—C UEM%

here and throughout this article ) ., ~ means taking the sum over the [K : Q]
different embeddings K — C. Our height does not change when replacing K by
another number field containing . Hence it determines a well-defined function
h:Q — [0,00). One may show that it is invariant under the action on Q of the
absolute Galois group of Q. A reference for heights is Chapter 1 of [2].

From the point of view of notation, it is sometimes useful to work with the
exponential height H(z) = exp h(z) > 1.

For (r,y) € A%(Q) we define h(z,y) = max{h(z), h(y)}.

Some properties our height satisfies are H(zy) < H(x)H(y), H(z +y) <
2H (z)H (y) for z,y € Q, H(x) = max{1, |z|} for integers z, and H (z") = H (z)/"
for z € Q\{0} and n € Z. We shall refer to these as elementary height properties.
The first three may be deduced directly from (2.1) and for the last one needs the
product formula " ~loglo(z)| + ZUGM}){ dy log |z, = 0 which holds for all
non-zero z € K.

If K is an arbitrary number field, Ax will denote its discriminant, hg its
class number, and O its ring of algebraic integers. If K is quadratic we let
Xk(-) = (A—K) denote the associated Dirichlet character where () is the Kro-
necker symbol.

For any elliptic curve E defined over Q we let hyx(E) denote its absolute stable
Faltings height [16, 27]. We will use Deligne’s normalization [14]. Hence our
Faltings height equals the one given in Silverman’s article [27] minus a universal
constant.

3. PROOF OF THEOREM 1.1 AND COROLLARY 1.1
We begin by a simple lemma on elliptic curves.

Lemma 3.1. Let E be an elliptic curve defined over Q, let j be its j-invariant,
and let K be a number field containing j. There exist go,g93 € K such that
E is isomorphic to the elliptic curve defined by the Weierstrass equation Y? =
4X3 — go X — g3 and such that

max{h(g2), h(g3)} < c1(1 + h(5));
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here ¢y is an absolute constant.

Proof. We note Y2 = 4X3 — 4 defines an elliptic curve with j-invariant 0 and
Y? = 4X3 — 4X defines an elliptic curve with j-invariant 1728. In both cases
max{h(g2),h(g3)} = logd < (log4)(1 + h(j)). Hence it suffices to prove the
lemma if j # 0,1728.

In this case we choose go = j/(12(5 — 1728)) and g3 = —j/(63(j — 1728)). A
direct calculation shows that Y2 = 4X3 — go X — g3 defines an elliptic curve with
j-invariant equal to j. By the elementary height properties we see h(g2) < h(j)+
h(12(5 — 1728)) < h(j) + h(12) + h(j — 1728) < log(2?3*) + 2h(j) and h(gs) <
h(j) + h(63(5 — 1728)) < h(j) + h(63) + h(j — 1728) < log(2'°3%) + 2h(4). a

We will also need the following simple statement for elliptic curves without
complex multiplication. An isogeny between two elliptic curves is called cyclic if
it has cyclic kernel.

Lemma 3.2. Let E and E' be elliptic curves defined over C and assume E has
endomorphism ring End(E) = Z. Let ¢ : E — E' be a cyclic isogeny. Then ¢
generates the group of homomorphisms Hom(FE, E').

Proof. Let ¢ : E' — FE be the dual of ¢. For ¢y € Hom(E, E’) we have ¢ o €
End(F). This construction gives an injective homomorphism Hom(E, E') —
End(FE). It follows from our hypothesis that Hom(FE, E’) has rank at most 1. But
it must be infinite cyclic because it contains . If 1 is a generator of Hom(F, E’),
then ¢ = Ay for some A € Z. We conclude that the kernel of multiplication by A
is isomorphic to a quotient of the kernel of ¢; thus itself cyclic. In characteristic
0 this is only possible if A = +£1. O

To prove Theorem 1.1 we need to compare the Faltings height with the height
of the j-invariant. Silverman’s Proposition 2.1 implies

3.1) hjg) — c2log(3 + h(jr)) < 12hp(E) < h(jr) + ¢

if jp is the j-invariant of an elliptic curve E defined over Q; here ¢y > 0 is an
absolute constant. In Silverman’s work the unstable minimal discriminant is the
unit ideal because when defining the stable Faltings height we assume that F has
semi-stable reduction everywhere.

We now prove Theorem 1.1.

Say di and do are the degrees of the first, respectively the second coordinate
function on C. A theorem of Néron [24] implies that there is a constant ¢ > 0
depending on C' but not on x or y such that

(3.2) \h(z)ds — h(y)di| < es(1 + h(z))?

for all (z,y) € C(Q). The degrees d; and dy are not both zero, without loss of
generality we may assume d; > 1. In particular,

(3.3) h(y) < h(z)ds + c3(1 + h(x))Y/2.
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We suppose (z,y) € (C N Yy(N))(Q) for some N > 1. Let E; and Es be
elliptic curves with j-invariants x and y, respectively. There is a cyclic isogeny
of degree N between F; and Ej.

The behavior of the Faltings height under isogenies is well-studied. For example
by the original work of Faltings, Lemma 5 of [16], or by Corollary 2.1.4 of [26] we
have

|hr(E1) — hr(E2)| < %10?;]\7-
Combining this bound with (3.1) we get
[h(y) — h(z)| < |h(z) — 12hp(E1)| + |h(y) — 12hp (E2)| + 12|hp(E1) — hp(E2))|
< 2cplog(3 + h(x) + h(y)) + 6log N
(3.4) < c3log(3 + h(z)) + 6log N

in the last inequality we used the fact that one can bound h(y) from above in
terms of h(x), this follows from (3.3).

Since dy # do we have h(z) < h(z)|de—dy| < |h(z)de —h(y)d1|+|h(y)—h(x)|dy,

hence

h(z) < es(1+ h(z))? + 6d; log N
from (3.2) and (3.4) with ¢4 > 0 independent of N and z. We conclude h(z) <
cs5log(l + N) with ¢; > 0 independent of N. We can find a similar bound for
h(y) using (3.3). O

We can now prove Corollary 1.1:

Since there are only finitely many singular j-invariants of bounded degree over
Q it suffices to show that
(3.5) {(z,y) € C(Q)NS’; neither = or y is a singular j-invariant

and [Q(z,y) : Q] < D}
is finite.

Let (x,y) be in this set, so it lies in Yg(IN)(Q) for some N > 1. Let E; and
FE» be the corresponding elliptic curves; they do not have complex multiplication.
Moreover, there is a cyclic isogeny ¢ : Fy — Fo of degree N.

We now consider an isogeny ¢’ : Fy — Fs of minimal degree N’. By the
isogeny estimates of Masser-Wiistholz [21], we have N’ < ¢/(D)(1 + h(z))* where
d (D) is a constant depending only on D. We remark that Lemma 3.1 applied to
F enables us to compare Masser and Wiistholz’s height of an elliptic curve with
h(z).

By Lemma 3.2 we know that ¢ generates Hom(FE1, Es), so ¢’ = Ap. Since ¢’
has minimal degree we must have A = 1. Hence N’ = N and we obtain

(3.6) N < d(D)(1+ h(z)).

Now Theorem 1.1 tells us that h(xz) < clog(1 + N) where ¢ depends only on
the curve C' but not on N. On inserting this bound into (3.6) we conclude that
N is bounded in terms of the curve C' and the degree bound D.

Therefore, any point in (3.5) is contained in the intersection of C' with a finite
union of Yp(NV).
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We note that deg X # degY implies C' # Yy(V) for all N > 1. Indeed, the
polynomial @ defining Yy(N) has equal degree in both variables. So, C'N Yy(N)
is finite for all N > 1; the corollary follows. U

4. HEIGHT OF ELLIPTIC CURVES WITH COMPLEX MULTIPLICATION

Before we come to the proof of Theorem 1.2 we give some estimates on the
Faltings height of an elliptic curve with complex multiplication. These will be
used in the proof of Theorem 1.2 and Corollary 1.2. Some of these estimates are
implicitly contained in the work of Colmez [10].

Let E be an elliptic curve with complex multiplication. So End(E) is an order
in an imaginary quadratic number field L. For brevity we write O = Oy, A = Ay,
and x = xr. We note |A| > 3. There exists a unique integer f > 1 such that
End(E) =Z + fO. For a prime p dividing f, or p|f for brevity, we set

_1—Xx(1l-p™

p—x(p)1-p7!
with n the maximal integer such that p”|f.

We attach the Dirichlet L-function L(x, s) to the odd, real character x. It is
entire and does not vanish at s = 1.

The first lemma expresses the Faltings height of £ in terms of A and f.

er(p)

Lemma 4.1. We have
_ 1 2 L/(X71)
(A1) 2hr(E) = 3 1og(IAIf*) + 75 Zj;ef(p) logp | — — log(2)

where v is Fuler’s constant.

Proof. The main result of Nakkajima and Taguchi’s work on the Chowla-Selberg
formula [23] together with their Lemma 3 implies

_#0X

|A‘ 2hp,

(a)
a2 esene(e) = 181727 0 (%) T,
a=1 plf

here I' denotes the gamma function.
We use Proposition 10.3.5 of [8] and the fact that L(x,0) = |A[Y2L(x,1)/7 =
2hr/#O* (cf. Theorem 10.2.14 and Proposition 10.5.10 of [8]) to obtain

2] a 2% L'(x.1
;X(a) logT’ <W> = #OLX <— L((;((, 1)) +’y+log(27r)> .

The present lemma follows from inserting this into the logarithm of the right-
hand side of (4.2). O

If we fix the discriminant A and let f vary we circumvent the problem of
controlling the logarithmic derivative of L(x, s) in (4.1). The following estimate
will be useful in the proof of Theorem 1.2.
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Lemma 4.2. Let A be fized, for f > 1 we have

hp(E) = %logf + O(loglog(2 + f))

where the implied constant is independent of f but may depend on A.

L'(x,1)

Proof. By virtue of Lemma 4.1 and since is independent of f it suffices to

L(x.1)
show
(4.3) > " ef(p)logp = O(loglog f)
plf
for large f.

The left-hand side is certainly never negative. Furthermore, using the definition
we estimate ef(p) < 1% 1_;},1 = p—?fl’ A short calculation shows ef(p) < 3/p.
We obtain

log p log p
Zef(p)logp§3 Z +3 Z .
plf plf p plf p
p<log f p>log f

The first sum on the right is at most O(loglog f) by an equality on page 57,
Chapter 7 of [12]. It remains to find such a bound for the second sum. As the
function p +— log(p)/p decreases for large p, we have

Z log p < log log f Z 1
plf

P log f

p>log f p>log f

}gi ch distinct prime factors. O

The lemma follows since f has in total at most

Obtaining estimates that are uniform in |A| involves studying the logarith-
mic derivative of L(y,s) at s = 1. We have a double logarithmic bound when
assuming the GRH.

Lemma 4.3. Assume the GRH holds for all real, odd Dirichlet L-functions. Then

L'(x.1) _
ool O(loglog |A[)

where the implied constant is absolute.

Proof. The proof is standard in analytic number theory. For a proof one can
consult Section 3.1 of [17]. O

Under the GRH and using the results from this section, one immediately verifies
1
hp(E) = Zlog|A| + O(loglog |A]) for f=1.
For general f > 1, estimate (4.3) can be used to obtain

hi(E) = log(|A1) + Ofloglog(|A| ).
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The discriminant of the order End(FE), denoted here by Disc(End(FE)), has abso-
lute value |A|f2 > 3. We obtain the asymptotic formula

hie(E) = i log |Disc(End(E))| + O(log log [Disc(End(E))|).

5. UNBOUNDEDNESS OF HEIGHT

In this section we prove Theorem 1.2.

Let H denote the complex upper half plane and let j : H — C be the elliptic
modular function. We need to work with an auxiliary point (ji,72) € A?(Q)
satisfying the following properties: j; is a singular j-invariant. Hence j; = j(7)
for an imaginary quadratic 7 in F, the usual (closed) fundamental domain for the
action of SLy(Z) on H given by fractional linear transformations. Furthermore,
we assume that js is algebraic but not a singular j-invariant. Since j; is algebraic
we may fix a number field K containing both it and js.

Throughout this section p denotes a prime. We will work with positive con-
stants ¢y, cg,... and 0 € (0, 1] that, if not stated otherwise, may depend on j1, ja,
and K but are independent of p. Moreover, the ¢; will not depend on ¢ either;
in the end we will choose § to depend on some ¢;. Finally, we often need to work
with an embedding of a fixed, finite extension of K into C; we silently assume
that the ¢; and ¢ are independent of such an embedding.

We call p large enough if it is larger than some constant which may depend on
(5,j1,j2, and K.

The norm || of 5 € GL2(Q) is the largest absolute value of any of its entry.
If p € H, then Gp denotes the usual action of 3 on p.

Let us define p 4+ 1 square matrices

p 0 10 11 1 p—1
Qp = 0 1 , 1 = 0 » , Qg = 0 D yeeey Qp = 0 D .

5.1. A lower bound. We need a preliminary lemma on moving imaginary qua-
dratic elements of H into F.

Lemma 5.1. There are absolute constants ¢y and cy with the following properties:
if p € H is imaginary quadratic then h(Bp) < c1(1 + log|8| + h(p)) for any B €
SLa(Z). Moreover, there exists 3 € SLa(Z) with Bp € F and h(Bp) < ca(14+h(p)).

Proof. The first statement is an easy consequence of elementary height properties.
Indeed, say

(5.1) B = [ ’

Then

} € SLy(Z).

QU o

H(Bp) = H((ap+b)/(cp +d))
< H(ap +b)H((cp +d)™)
= H(ap+b)H(cp+d),
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giving
H(Bp) < 4H(a)H(b)H (c)H(d)H (p)* < 4max{|al, |t ¢], |d]}* H(p)*.

So H(Bp) < 4|8|*H (p)? and thus c¢; = 4 becomes a valid choice.

For the second statement we write p = x4yt with z, y real algebraic and y > 0.
We note that x = (p+7p)/2 and y = (p—p)/2 where p is the complex conjugate of
p. Hence H(z) < H(p+p)H(2) < 4H(p)H(p) = 4H(p)? and similarly H(y) <
4H(p)%. We also remark that |z| < H(z) and y=! < H(y™1)? = H(y)? by
elementary height properties and because x is rational and y has degree at most
2.

Let im(-) be the imaginary part of a complex number. In the first step we
will show that there exists § € SLa(Z) with im(Bp) > 1/2 such that H(GBp) is
suitably bounded, i.e. it is bounded from above by a fixed power of 2H (p). We
may certainly assume that y < 1/2. We set Q = y~1/2 > 1. By a theorem
of Dirichlet there are integers c,d with 1 < ¢ < @ such that |ex +d| < Q71,
cf. page 1 of [6]. Without loss of generality we may assume that ¢ and d are
coprime. By the previous paragraph we have |¢| < Q = y~'/2 < H(y) < 4H(p)?
and |d| < Q7'+ Jex| < 1+ QH(x) < 1+ 16H(p)* < 17H(p)*. Moreover, one
may find integers a,b such that ad — bc = 1 with max{|a|, |b|} bounded by an
absolute constant times max{|c|,|d|}. The matrix [ defined as in (5.1) is in
SL2(Z) and has norm bounded by a fixed power of 2H (p). So H((3p) is suitably
bounded by the first part of the lemma. Finally, im(3p) = y/|cp + d|> and
lep+d|? = (cx + d)? + (cy)? < Q72 + Q%y? = 2y. We arrive at im(Bp) > 1/2.

In the second step we will show that for any imaginary quadratic p € H there
is # € SLy(Z) such that [p has real part in [—1/2,1/2] and such that H(f3p) is
suitably bounded. It suffices to choose § with a = d =1, ¢ = 0, and b an integer
with |z + b < 1/2. We note || < max{1, |z| +1/2} < 1+4H(p)?> <5H(p)?. So
H(Bp) is suitably bounded by the first part of the lemma.

The third and last step consists in showing that if || < 1/2 and y > 1/2 there
is B € SLa(Z) such that 8p € F and such that H(fBp) is suitably bounded. It
is not difficult to verify that the heights of p, —1/p, or +1 — 1/p are suitably
bounded and that at least one lies in F.

The proof of the second part of the lemma follows from these three steps. [

We recall j; = j(7). We may factor

P
(5.2) &,(j1, V) = [[ (v = jlaxr)) € KT¥),

k=0
for a reference see §2, Chapter 5 of [19]. If 0 : K — C is an embedding we
choose 7, € F with j(7,) = o(j(7)) = o(j1). Let us extend o to the number
field K (j(owT), ..., j(apT)) and apply it in the usual manner to polynomials with
coefficients in this field. Since ®,, has integer coefficients we obtain

p

(5.3) ®y(0(j1),Y) = o(®y(j1,Y)) = [[(V = o(i(axr)))-
k=0
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One the other hand, using o(j1) = j(7,) and (5.2) with 7, instead of 7 yields

p

Op(0(j1), V) = [V = j(awrs)).
k=0
Therefore, there exists a permutation of {0,...,p}, which we also denote with o,

such that
o(jlaxT)) = j(apuyTs) for 0<k <p.

We come to a first lower bound. It uses a recent lower bound for linear forms
in elliptic logarithms by David and Hirata-Kohno [13].

Lemma 5.2. We have j(ay,T) # j2 and

(5.4) loglo(j(arT)) —0(j2)| = —crlogp

for all 0 < k < p and all embeddings o : K(j(aoT),...,j(apT)) — C with ¢z > 0
independent of p, k, and o.

Proof. All constants cs, ..., cg in this proof are positive and independent of p, k,
and 0. Let 0 < k < p. We note that j(ay7) is a singular j-invariant because a7
is imaginary quadratic. Since jo is not a singular j-invariant we have j(ax7) # jo.

Let o be as in the hypothesis. By Lemma 5.1 there is an imaginary quadratic
p € F such that j(p) = jlayk)T) = o(j(arT)) with h(p) < ca(1 + h(as@)T))-
Moreover, by the first part of Lemma 5.1 we can estimate h(a,)7) from above
by c1(1 + log |ag k)| + h(7)). Combining these estimates with |a, )| = p and
using the fact that 7 is fixed yields

(5.5) h(p) < cslogp.

We write o(j2) = j(n) with n € F. Here nj depends on o, but as js is fixed, there
are only finitely many possibilities for . To prove the lemma we may assume
that [j(p) — 7(n)| is small with respect to a constant depending on js. Because 7
and p are both in the fundamental domain we may assume that |p — | is small,
after possibly replacing 7 by n41 or —n~! to deal with the usual boundary issues.
We may even suppose that

(5 56) — )] 2 315 @)l —

we note that j'(n) # 0 since 7 is not one of the three values 7, exp(27i/3), exp(27i/6)
in F where j’ vanishes. Hence |j'(n)| is bounded from below by a positive constant
depending only on js.

There is an elliptic curve defined over Q with period lattice basis {w1, w2} C C
such that n = wy/w.

We consider the linear form wip — ws in elliptic logarithms. If it were to vanish
we would have p = . hence o(j(ax7)) = j(ap7) = j(p) = j(n) = o(j2). But
this is impossible by the first part of the lemma.

The coefficient p is an imaginary quadratic number; in particular, its degree
is uniformly bounded. Moreover, |w1| and |ws| are bounded solely in terms of jo.
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The result of David and Hirata-Kohno gives
log lw1p — wa| = —ca(1 + h(p)).

The estimate (5.5) implies log |w1p — wa| > —c5logp. After dividing by wy we
obtain log |p — 1| > —cg log p. We recall (5.6) and conclude (5.4). O

5.2. Equidistribution of Hecke orbits. We continue to use notation intro-
duced in the previous subsection.

For z € C let Bs(z) denote the open ball in C centered at z of radius 6. We
define the open set

Ns=j" < U 36(0(j2))> C H,

0 K—C
and for an embedding ¢ : K — C introduce index sets

Io(p,0) = {0 < k < p; (7o € N5}

The purpose of these index sets is to keep track of elements in the Hecke orbit of
Ts whose image under j is near some o(j2).

Clearly, #Z,(p,0) < p+1. But for small § one should be able to expect a better
bound. The next lemma uses an equidistribution result of Clozel and Ullmo [7]
and tells us just this.

Lemma 5.3. If p is large enough then #Z,(p, ) < cgd’p for all o : K — C with
cog > 0 independent of p and 0.

Proof. Let ¢ : H — {0,1} be the characteristic function of Ns and let 6 be a
continuous, real valued function on H with compact support such that |¢p—¢| < §2
on H. By Clozel and Ullmo’s Théoreme 2.1(c) [7] we have

3 ~dzdy
pHZ@b ntye) = = [ G5GE s pooo

where z, y are the real and imaginary part functions on H. The factor 3/m makes
sure that F has total measure 1. If p is large enough we have

P dxdy
P ¢
2 e <2 5

The left-hand side above is at least m#Io (p, ) —6%. The right-hand side can
be bounded using

3 ~dxd dxd 3 dxd dxd
3 / 3 2y / pddy y L523 / y _ / s y
T F y T

The set |J, Bs(o(j2)) has measure at most [Q(j2) : Q]md>. Elementary calculus

gives
3 dxd
TJF Y

with cg > 0 independent of p and 4.
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Thus for p large enough we obtain #Z,(p,8) < (cs + 3)6%(p + 1) < 2(cg +
3)82p. O

The following lemma, whose proof rests on elementary methods, will be useful
later on.

Lemma 5.4. There exists €(6) € (0,1/2], which may depend on 6 but not on p,
with the following property: if p is an arbitrary prime then

|0 (j(exT)) — o (j2)| = €(6) max{1, |o(j(cxT))[}
for allk € {0,...,p}\Zs(p,0) and all o : K(j(aoT),...,j(0pT)) — Q. Moreover,
log max{1,|o(j(ax7))|} < c10 for all k € Iy(p,d) and for all o as before with
c10 > 0 independent of p,d, o, and k.

Proof. Let o be as in the hypothesis. The continuous function

15(p) — o (52|
max{1, [5(p)[}
does not vanish by the definition of Ns. Let us consider its restriction to F:
since F\(F NNj) is closed and since q|#(7) — 1 as 7 — 400i we see that ¢|z is
uniformly bounded from below by some €(d) € (0,1/2]. The set H\\N;s and the
function ¢ are invariant under the action of SLy(Z). The first part of the lemma
follows since ag(1)7, € H\N for k as in the hypothesis.

To prove the second part we shall assume k € Z,(p,d). By definition there
exists an embedding ¢’ : K — C such that |j(a,)7s) — 0'(j2)| < J. Hence
lo(j(axT))l = |j(ao@) 7o)l < 0+0"(j2)] < 1+]0(j2)| and the lemma follows. [

q:H\N; — [0,00) given by p—

5.3. Combining the estimates. We continue to use the notation from the
previous two subsections. We combine the estimates obtained therein to get the
next lemma.

Lemma 5.5. We have ®,(j1,j2) # 0 and for p large enough
(5.7) > loglo(@y(i1.j2)

o:K—C
p

> —ci3p(llog €(8)] + 0% logp) + > . > logmax{1, |o(j(axT))}
k=00:K—C

with c13 > 0 independent of p and 6.
Proof. The non-vanishing of ®,(ji,j2) follows from the first part of Lemma 5.2
and (5.2).

Let 0 : K — C be an embedding. We recall (5.3) and split the following sum
up:
(5.8)  log|o(®p(j1,72))]

= Y loglo(j(axm)) —o(i)l+ D loglo(i(arT)) —o(ja)l.
k¢Zs(p,5) k€Zs(p,9)

We proceed by estimating each of these two sums separately.
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For k ¢ Z,(p,d) we apply Lemma 5.4 to obtain
log |o(j(axT)) — o (j2)| = loge(d) + logmax{1, |o(j(cxT))|}
= —[log e(6)[ + log max{1,|o(j(cxT))l}.
For k € Z,(p,0) we apply Lemma 5.2 to obtain
log |o(j(axT)) — 0 (j2)| = —crlogp.
We insert these two estimates into (5.8) and use p+ 1 < 2p to see
(5.9)  loglo(®y(j1,2))l

> —2pl|log e(d)| — cr#Z,(p,0) logp + Z log max{1, |o(j(axT))|}.
kQIg(p,é)

Next we may rewrite

Y logmax{L,|o(j(aym))[} =) logmax{L,|o(j(axm))|}+

k€T (p,9) k=0

_ Z logmaX{1,|0'(j(ak7'))|}-

k€Zs(p,0)

By the second assertion of Lemma 5.4 any term in the final sum is at most cqg.
So,
P
> logmax{l,|o(j(ex7))} = logmax{1, |o(j(oxT))} — c10#Zs (D, 6).

k€Zs(p,95) k=0
We insert the previous inequality in (5.9) to obtain

p

log |o(®,(j1,72))| > —2p|log €(0)|—c11#Zs(p, ) logp+z log max{1, |o(j(axT))|}
k=0
with ¢11 > 0 independent of p and §. By Lemma 5.3 we have #Z,(p,d) < coé’p
for p large enough, so
P
log |o/(®p(j1,j2))| = ~2pllog e(8)| — c126°plogp + Y _logmax{L, o (j(axT))[}
k=0

with ¢19 > 0 independent of p and §.

We take the sum over all embeddings o : K — C to conclude the proof. O

For an integer N > 1 the complex number j(N7) is the j-invariant of an
elliptic curve Ey. Then Ex has complex multiplication, in other words j(NT) is
a singular j-invariant, since ®n(j1,7(N7)) = 0. In the next lemma we rewrite the
lower bound given in the previous lemma in terms of the height of the algebraic
number j(p7).

Let L C C be the imaginary quadratic number field generated by 7. For
brevity, we write A = Ap,O = O, and x = xr. For an integer f we write
Of = Z + fO. Now End(£:), being an order in O, is of the form Oy for a
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unique integer f > 1. There are coprime integers a,b, and ¢ with a # 0 such
that ar? 4+ br + ¢ = 0. Lemma 7.5 [11] implies End(E;) = Z + a7Z. The same
lemma also implies End(E,) = Z + patZ provided p does not divide a. This
assumption will turn out to be harmless since 7 is fixed. If it holds true, then
End(E,) = Z + fpO = Oy,

Lemma 5.6. For p large enough we have

> loglo(@,(j1, 42))| = —cisp([log €(6)| + 6* log p) + Zh(j(m))
o:K—C

with c13 from the previous lemma.

Proof. We consider the polynomial A = [[, ®,(c(j1),Y) in one variable Y with
rational coefficients. Now A vanishes at j(pr), hence it vanishes at o(j(p7))
for any embedding o : K(j(pr)) — C. Since j(p7) is an algebraic integer, our
definition of the height (2.1) implies

[QGi(p) = QIAG(pr)) < ) logmax{L, |2[}.
Jrists
By (5.3) the roots of A (counted with multiplicities) are in one-to-one correspon-
dence with the terms in the sum on the right of (5.7). We obtain
(5.10)
> log|o(®y(1,72))| > —ci3p(|log €(6)| + 5> log p) + [Qi(pT)) : QA (PT))-
0:K—C

We now bound [Q(j(p7)) : Q] from below by using classical results from the
theory of complex multiplication. The paragraph before this lemma implies
End(E,) = Oy, if p is large enough. By Theorems 7.24 and 11.1 of [11] we
have

(5.11) [L(j(7)) : L] =

and

‘ . hrfp B _
LGwm) - 1) = 155 07 l];[p(l X)),

the product runs over all primes [ dividing f and fp, respectively. Certainly, f
is fixed by 7 so we may assume that p does not divide f. If p > 5 we obtain

[LGi(pr)) : L] _ 10" : OF] p—1 _p-1_p
4

LGi(m): L] (0% :(’)pr]p(l —x(p)p~") > (0% OF > >

on using [0 : OF | < #0*/2 < 3. We note [Q(j(p7)) : Q] > [L(j(pT)) : L]
(actually, equality holds). The lemma follows from (5.10) and [L(j(p7)) : L] >
pIL(j(7)) : L]/4 = p/4. O
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To get a lower bound for h(j(p7)) in terms of p we shall work with the Faltings
height of the elliptic curve associated to j(p7). We then apply the estimates of
section 4.

If jp € Q is the j-invariant of an elliptic curve E, we remind the reader that
the second bound in (3.1) gives

(512 hr(E) < Sh(jE) + i

for some absolute constant cj4.
In the following lemma we make use of Lemma 4.2. It enables us to express
hr(Ep) in terms of hp(E;) and p.

Lemma 5.7. For p large enough we have
. 6
> log|o(@p(j1,42))| = —e1sp([log e(8)] + 6> log p) + splogp
o K—C

with c15 > 0 independent of p and §.

Proof. As we have seen above, End(E;) = Z + fO and End(E,) = Z + fpO, at
least if p is large enough.
On applying Lemma 4.2 we get the lower bound

2
(5.13) hp(Ep) > = log p

for p large enough.
Lemma 5.6 combined with height comparison estimate (5.12) gives

Z log |o(®,(j1,72))| > —c13p(|log e(8)| + 62 log p) + 3phr(E,) — 3pcia.
o K—C
By (5.13) the height of E, grows logarithmically in p, hence
. 6
Z log |o(®,(j1,j2))| > —c13p(|log €(8)| + 82 log p) — 3pcra + P log p.
o K—C
By construction [loge(d)| > log2 so —3pcyy is absorbed by the term to its left

after replacing ci3 by a larger constant still independent of p and 4. O

The lemma below is now a simple consequence of the lemma above. Its proof
involves choosing an appropriate 9.

Lemma 5.8. For p large enough we have
> loglo(@,(j1, 42))| = plogp.
o K—C
Proof. By Lemma 5.7 we have

. 6
> log|o(@p(j1,42))| = —e1sp([log €(8)] + 62 log p) + =plogp
o K—C
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for p large enough. We recall that c15 > 0 is independent of §. Hence we may fix
§ € (0,1] such that ¢156% < 1/10. We obtain

o 11
Z log |o(®,(j1,72))| > —cispllog e(d)] + Eplogp.
0:K—C

The proposition follows since €(§) is independent of p. O

5.4. An application to curves in AZ. In this subsection we prove Theorem
1.2.

Let F' € Z[X,Y] be an irreducible and non-constant polynomial. We assume
that it does not divide ®,, for any prime p.

We keep much of the same notation as in the previous subsections with the
important difference that we need a stronger hypothesis on ji.

Let j1 be a singular j-invariant such that

(5.14)  if j5 € Q satisfies F(j1,j5) = 0 then j3 is not a singular j-invariant.

Finally, let jo be algebraic with F(j1,j2) = 0 and let K be a number field con-
taining j; and js.

By hypothesis jo cannot be a singular j-invariant.

Our convention on constants stays the same except that cig,... are now also
allowed to depend on F.

Let p be a prime. In this subsection we call p large enough if it is larger than
some constant which may depend on ji, jo, K, and F.

The polynomials F' and ®, only have finitely many common zeros and these
are algebraic. Let z1,...,z, be the distinct algebraic numbers which appear as
a first coordinate of such a zero; here n = 0 is possible. Let R be the resultant
of F and ®,, considered as polynomials with coefficients in Z[X], cf. Ch. IV, §6,
No. 6 of [5]. We remark that &, is monic when considered as a polynomial in Y.
Then

R= )\ﬁ(X — 3;)% € Z[X]
=1

for integers a; > 1 and an integer A # 0. Moreover, there exist polynomials
U,V € Z[X,Y] with

(5.15) degy U < degy F and degy V < degy ®, such that U®,+ VF = R.

We may assume that U,V, and R have no common integral prime factor. Our
resultant is the determinant of a certain matrix with entries determined by the co-
efficients of ®,, and F' taken as a polynomial in one variable Y. A straightforward
degree estimate applied to this determinant shows

(5.16)

deg R < degy ®, degy F+degy ®,degx F' = (p+1)(degx F+degy F) < 4pdeg F.

It is important to keep in mind that that U, V, and R mostly likely depend on
the prime p.

We recall that a polynomial in integer coefficients is called primitive if its
coefficients have no common prime divisor.
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Lemma 5.9. If p > deg F, then R is primitive.

Proof. Let [ be a prime. If A is any polynomial in integer coefficient we let A
denote its reduction modulo .
We assume that p > deg F and R = 0 and shall derive a contradiction.
The resultant equation (5.15) modulo [ reads
U3, +VF=0.

We begin by remarking that F # 0 because F is irreducible in Z[X,Y] and
non-constant. The leading term of ®, taken as a polynomial with coefficients in
Z[X] is YPT1 thus ®, # 0 and even degy ®, = degy ®, = p+ 1. If V = 0 then
we would have U = 0, but this is impossible because | cannot be a common factor
of U,V, and R. Hence V # 0.

Let us assume [ # p for the moment. By a result of Igusa [18] the polynomial
QTD is absolutely irreducible. Hence it must divide V or F. The former situation
is impossible since V # 0 and degy V < degy V < degy ®, = degy ®,, here we
used (5.15). The latter situation cannot hold either since F # 0 and degy, F <
deg F < p < degy ®,,.

Therefore, we must have [ = p. In this case C}Tp is no longer irreducible since
Kronecker’s congruence relation, §2 Chapter 5 of [19], implies ®, = (X? —Y)(X —
YP?). But both factors X? —Y and X — Y? are (absolutely) irreducible. Because
degy (XP —Y) =p>degF >degy F and degy (X —YP) = p > deg F > degy F
we deduce that X? —Y and X — Y? both divide the non-zero V. This conclusion
implies degy V > degy @, and so degy V > degy ®,,. By (5.15) we have arrived
at a contradiction. O

If U(j1, j2) is non-zero we can use the product formula to obtain a lower bound
for |R|, the largest absolute value of all coefficients of R.

Lemma 5.10. If U(j1,j2) # 0, then

1
log |R| > —ci6p + ——= log |o(®,(j1,72))],
woal, 2

with c16 > 0 independent of p.
Proof. If v € MIO{ then |j1], < 1 because j; is an algebraic integer, being a singu-
lar j-invariant. Since U has integer coeflicients and by the ultrametric triangle

inequality we deduce |U(j1,j2), < max{l,|j2|,}9%v Y. By (5.15) the degree
degy U is at most degy F', so

(5.17) U (j1, j2)|w < max{1,|jol, }I8¥ ¥

By (5.15) and because of F(ji1,72) = 0 we get

(5.18) [T le@u= TI le@Wi,i)llo(@p(r, 2))-

o K—C o K—C
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Since U(j1,j2) # 0 we have the product formula:

1="II le@Guanl IT WG g2l

o:K—C vEM}){

We estimate the product over MY from above by using (5.17) to obtain

1 < H ‘U(U(jlujQ))‘ H max{lj‘jﬂv}dudegyp'
o K—C UEM?(

Multiplying both sides with []  |o(®, (jl,j2))| and applying (5.18) gives

(519 [ le@Graa)l < J[ leRG) [ max{1,|gaf, % e £

0:K—C o:K—C veMO
The triangle inequality implies
o (R(j1))| = [R(o(j1)| < (1+ deg R)|R|max{1, o (j1)[}% "
for any o : K — C. We recall (5.16) to deduce
o (R(j1))| < 8pdeg(F)|R|max{L, |o(ji)[} """
Inserting this into (5.19) and taking the [K : Q]th root gives
1T lo(@pG, a2V <

o K—C

8pdeg(F)IR| ] max{1,|o() ) fedr I max{1, szl } ST
o K—C UEMO

because there are precisely [K : Q] embeddings o. Using the definition of the
height given in section 2 we obtain

[T lo(@p(n,52) VY < 8pdeg(F)|RIH (jr) ¢ " H (jo) " ©
o K—C
The lemma follows from an elementary calculation. U

Lemma 5.11. For p large enough there exists a common zero (x,y) of ®, and
F such that

h(z,y) > c1slog p,
with c1g > 0 independent of p.
Proof. Let us assume for the moment that U(j1,j2) # 0. We apply logarithm to

the estimate in Lemma 5.10 and use the lower bound for ) _log |o(®,(j1,72))]
from Lemma 5.8 to deduce

1
K:Q
for p large enough and with ¢17 > 0 independent of p.

We may certainly assume that p > deg F'. Lemma 5.9 implies that R is primi-
tive. If R were a constant, in other words if ®, and F' had no common zeros, we

(5.20) log |R| > —ci6p + [ ]plogp > ci7plogp
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would have R = 1. By (5.20) this is impossible for p large enough. So ®, and
F will eventually have common zeros as p increases.

But we get more information. Indeed, the polynomial R factors over Z[X] into
+ R - Ry’ where R; € Z[X] are irreducible and r; > 1. Since R is primitive,
the R; are non-constant. By the previous paragraph we may assume g > 1.

Let m(-) denote the (logarithmic) Mahler measure of a polynomial with com-
plex coefficients. After rearranging the R)s we may suppose m(R;)/deg Ry >
m(R;)/deg R; for 1 < i < g. The Mahler measure is additive, so

m(R) = Zg:rzm(Rz) < <Zg: T degRi> m(Rl) — deng(Rl)
i=1 i=1

deg Ry deg Ry

By Lemma 1.6.7 of [2] we can bound log |R| < deg Rlog2+ m(R). We use (5.16)
to bound deg R and deduce
m(Ry) m(R1)
log|R| <degR(log2+ ——% ) <4pdeg F [ log2 .
og |R| < deg (og +degR1> < 4pdeg <0g * des Ry
We combine this inequality with the lower bound (5.20) and cancel p. Fortu-
nately, the lower bound for log|R| also contains a factor log p; we get

m(Ry)
deg R;

> ciglogp

for p large enough.
By Gauss’s Lemma, R is primitive. Since R; is non-constant it has a root x.
Proposition 1.6.6 of [2] and deg R; = [Q(z) : Q] imply the equality in
m(Ry)
() =
deg R,

Because R(z) = 0 and by properties of the resultant mentioned earlier, there
exists an algebraic y such that (z,y) is a common zero of ®, and F. Certainly,
h(z,y) > h(x) and so the lemma holds in the case U (j1, j2) # 0.

But what if U(j1,j2) = 07 This looks troubling since U was constructed
using ®,, and will most likely depend on p. However, if U(j1,72) = 0 for some
p, then (5.15) implies R(j1) = 0. By properties of the resultant, j; is the first
coordinate of a common zero of F' and ®,. In other words, there exists j5 such that
®,(71,45) = F(j1,75) = 0. Now j5 must be a singular j-invariant, a contradiction
in view of our hypothesis on j; given in (5.14). So, U(j1,j2) cannot vanish for
any p. O

> ciglogp.

5.5. Proof of Theorem 1.2. Let C be the curve from the hypothesis. After
interchanging coordinates we may assume that C' is not a vertical line. So its
projection onto the first factor of A? contains all but finitely many points. Let
Ci,...,C, be the conjugates over Q of C'. None of the C; is a special curve by
hypothesis.

The André-Oort Conjecture is known unconditionally for curves in A2 by a

result of André [1]. Therefore, the set of points in C1(Q) U --- U C,(Q) whose
coordinates are both singular j-invariants, is finite. Among the infinitely many
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singular j-invariants we can choose one, say j1, that does not appear as the first
coordinate of a point in this set. We may even choose j; such that it is contained
in the projection of C' onto the first factor of A2. So (j1,72) € C(Q) for some
algebraic jo.

The curve C7 U---UC, is defined and irreducible over Q. Hence it is the zero
set of a single non-constant and irreducible polynomial F' € Z[X,Y]. Certainly,
F does not divide any ®,. Our choice of j; satisfies the condition (5.14) with
respect to this polynomial.

We apply Lemma 5.11 to F' and the auxiliary point (ji,j2). As a consequence
there is ¢ > 0 such that for p large enough we may find a common zero of ®,
and I with height at least clog p. By construction, some conjugate of this zero
lies in C(Q). It remains a zero of ®,. Our theorem follows because the height is
invariant under conjugation. O

The values j; = j((v/=7+ 1)/2) = —3375 and j2 = —3375 — 1 determine an
admissible auxiliary point for the polynomial FF = X — Y — 1. Indeed, j; is a
singular j-invariant and js is not on the well-known list of rational singular j-
invariants. So K = Q is possible here. By going through the proofs of this section
and optimizing the estimates for this special case, one can show the following:
if C' is the curve defined by F' then for all large enough primes p there is P €
(C' N Yo(p))(Q) with h(P) > 3logp — cloglogp, here ¢ is an absolute constant.
It follows that the constant 6 in Theorem 1.3 cannot be replaced by anything
strictly less than 3.

6. THE CURVE X —Y =1 AND PROOF OF THEOREM 1.3

Let p be a prime and let us define
R=-9,(X,X —1) € Z[X].

The following simple observation is crucial for obtaining the height bound in
Theorem 1.3: by Kronecker’s congruence relation the reduction of ®, modulo p
is (X? —Y)(X — YP), so the reduction of R modulo p is

(XP — X +1)(XP — X —1).

The factors XP — X +1 and XP? — X — 1 are Artin-Schreier polynomials and they
are irreducible over F),. We will see in a moment that R is monic of degree 2p.
There are now two possibilities for R: it is either irreducible in Z[X] or factors
into two irreducible polynomials in Z[X] of degree p.

We now show that R is monic of degree 2p. If p is odd the Kronecker congruence
relation and Theorem 3(iii), Chapter 5 of [19], imply that ®,(X,X) € Z[X] has
degree 2p and leading coefficients —1; there is a misprint in the statement of
Theorem 3(iii): the proof gives leading coefficient +1. Since the explicit form
of @5 is known, one directly checks that ®9(X, X ) has degree 4 and leading
coefficient —1. If ®, = 3, ;a;;X'Y7 we must have ), ;o a;; = —1. We
recall that ®,, is monic of degree p+ 1 as a polynomial with coefficients in Z[X].
The same holds true when considered as a polynomial with coefficients in Z[Y].
From this we can quickly deduce that deg R < 2p. Moreover, if a;; # 0 with
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i+ j7 = 2p, then i = j = p. Thus a,, = —1. This is the leading coefficient of
®,(X,X —1) = —R, so R is monic of degree 2p.

Any x with (x,z — 1) € Yy(p) satisfies R(z) = 0, so it is algebraic. If R is
irreducible over Z, then by Proposition 1.6.6 [2] we have h(z) = m(R)/deg R =
m(R)/(2p). In the other case R = AB factors with A, B € Z[X] irreducible
of degree p. Say A(x) = 0, then h(x) = m(A)/deg A = m(A)/p = m(R)/p —
m(B)/p < m(R)/p since the Mahler measure is additive and non-negative. In
any case we have
(6.1) ) < ™ and Q)i @Iz p
This degree lower bound justifies the comment made in the introduction after the
statement of the current theorem.

We continue by bounding m(R) from above. If the a;; are as above, then

. 2p .
_ ) itk _ 7 d
R= Y iaw<k>X > = i<k> X
0<i,j<p+1 d=0 \ 0<i,j<p+1
0<k<j itk=d

Elementary estimates give

J
< .
RI< o Yl (])

0<i,j<p+1
i+k=d

j p+1

< |®,| max <@, ) 20 < |®, (2072,
P P P
0<d<2p _% k ,
0<i,j<p+1 j=0
i+k=d

We apply Lemma 1.6.7 of [2] to get m(R) < & log(2p + 1) + log |R|. With the
estimate above we conclude

(6.2) m(R) <log|®,| + c1p,

here and below ¢y, co, and c3 denote positive absolute constants.

Cohen’s estimate [9] for the modular transformation polynomials provides
log |®,| < 6plogp + cop. Combining this with (6.1) and (6.2) leads to h(z) <
6logp + cs.

Finally, the theorem follows because h(z,y) = max{h(z),h(y)} and h(y)
h(x — 1) <log2 + h(x) by elementary height properties.

What happens for the curve X +Y = 17 The reduction of ®,(X, 1—X) modulo
pis

o

(XP+ X —1)?
by Kronecker’s congruence relation. In characteristic p > 2 the factor XP+ X —1
has a root at 1/2. Worse still, there is ( € F,2 with (P~ = —1. One easily

verifies, that 1/2,1/2 + (,...,1/2 4+ (p — 1)¢ are roots of XP + X — 1. This
polynomial factors over F, into one linear term and (p — 1)/2 quadratic terms.
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7. PROOF OF COROLLARY 1.2

Let C be as in the hypothesis. We begin by showing part (i).

Let P € C(Q)NS&'. If one coordinate is a singular j-invariant, then so is the
other by the definition of &’. By the André-Oort Conjecture and after discarding
finitely many points we may assume that neither coordinate of P is a singular
j-invariant.

So Sq(P) = Yy(N) for some N > 1; hence deg Sq(P) = 2¥ (V) with ¥(IV) the
arithmetic function mentioned in the introduction. Theorem 1.1 implies h(P) <
clog(1l + N) with ¢ independent of N. Now ¥(N) > N easily implies this part
of the corollary.

We now turn to part (ii). Let P € C(Q)NS. By the first part, we may assume
P ¢ S'. We are in one of the first three cases of (1.3).

Let us assume S(P) = {P} or S(P) = {x} x A!. The first coordinate = of P

is a singular j-invariant and (1.4) tells us

deg Sq(P) = [Q(z) : QJ.

Let E be the elliptic curve with j-invariant = and let L denote its field of
complex multiplication. We note |Ap| > 3. Let f be the unique positive integer
with End(E) = Z + fO where O = Op. We shall assume, as we may, that
|AL|f? is large enough. By applying (5.11) with j(7) replaced by = we see [L(z) :
Ll = hp f(ITy 1 = 171)/3; here we used [0 : (Z + fO)*] < #0*/2 < 3. The
expression f H” p(1— 1) is Euler’s quotient function evaluated at f and so at

least ¢; f1/2 with ¢; > 0 absolute. We conclude deg Sq(P) = [Q(z) : Q] > [L(x) :
L] > cihp f172/3.

For any € > 0, the Theorem of Brauer-Siegel implies hy, > cp|AL|Y/27¢, here
¢o > 0 depends only on €. Picking ¢ = 1/4 and using the conclusion of previous
paragraph gives

(7.1) log(1 + deg Sq(P)) > c3log(|AL[f?)

with c¢3 > 0 absolute.

Recall that we are assuming the GRH. By Lemmas 4.1 and 4.3 we can estimate
hrp(E) < cglog(|AL]f?) with ¢4 > 0 absolute. The height h(z) can be bounded
above in terms of the Faltings height hp(E) by (3.1). We conclude h(z) <
cslog(|Ap|f?) with c5 > 0 absolute. The lower bound (7.1) implies

(7.2) h(z) < cglog(1 + deg Sq(P))

with ¢g > 0 absolute.

The two heights h(z) and h(y) are not unrelated. If d; and dy are the degrees of
the first, respectively second coordinate function on C' we have |h(z)d2—h(y)d;i| <
c7(1 4 h(z))'/? by (3.2) with ¢; > 0 independent of z and y. If d; # 0 we can
bound h(y) linearly from above in h(x). The current case follows from (7.2).

It remains to show that d; cannot vanish. Indeed, if d; = 0 we would have
C = {r} x Al. But z is singular j-invariant. Then C' would be a special curve
in contradiction to our hypothesis.
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The final case S(P) = A' x {y} with y a singular j-invariant can be handled
in a similar manner.
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