RATIONAL AND INTEGRAL POINTS ON QUADRATIC
TWISTS OF A GIVEN HYPERELLIPTIC CURVE

ANDREW GRANVILLE

ABSTRACT. We show that the abc-conjecture implies that few quadratic twists of a given
hyperelliptic curve have any non-trivial rational or integral points; and indicate how these
considerations dovetail with other predictions.

1. INTRODUCTION.

For a curve C of genus g > 1, and number field K, Faltings’ theorem implies that there
are only finitely many K-rational points on C'; that is C(K) is finite. Moreover, assuming
the Bombieri-Lang conjecture for rational points on surfaces of general type, Caporaso,
Harris and Mazur [4] showed that #C(K) <4 k 1, where this bound is independent of C;
further, they deduced that #C(K) <, 1 for all but Oy k(1) curves C defined over K.

Elkies [10] re-proved Faltings’ theorem assuming the abec-conjecture, the advantage of
his proof being that it gives a bound on the height of rational points on C. However, to
determine this bound one needs to determine a “Belyi map” from C to P! and the bounds
thus obtained seem to be large compared to what one might suppose is true.

We believe that there are no non-trivial rational points on most curves of genus g > 1,
an expectation into which the above proofs do not seem to give insight. The main purpose
of these notes is to speculate on how often curves of genus g > 1 have no non-trivial rational
points in a specific case of interest, and to prove results assuming the abc-conjecture.

Hyperelliptic curves of genus g, defined over the rationals, can be put in the form

where f(x) is a polynomial with integer coefficients of degree 2g + 2 or 2g + 1, which has
no repeated roots. The dth quadratic twist of C' is the hyperelliptic curve

Ca: dy* = f(z).

We remind the reader of
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The abc-conjecture. (Oesterlé, Masser, Szpiro): If a,b,c are coprime positive integers
satisfying a + b = c then
¢ < N(abe) oW,

where N(m) is the product of the distinct primes dividing m (that is, N (][, p°*) =[], p)-
(Here the “o(1)” term approaches 0 as N(abc) — oo or, equivalently, ¢ — 00.)

A Belyi map is a rational function from a given curve to P! which ramifies over no more
than three points. Belyi showed how to construct such a map from P! to P! whose critical
points include any given finite set of points. So, for a hyperelliptic curve C, we can first
map each point on the given curve to its z-coordinate and then compose this projection
with our Belyi function from P! to P!, where our given finite set of points includes the
roots of f, as well as x = oo if the degree of f is odd, to obtain a Belyi map for the
original curve. From this construction we see that we can take the same Belyi map from
Cy to P! for each d, that is the same rational function of the variable x only. Armed
with this construction we apply the abe-conjecture as in Elkies” work [10], but now the
abc-conjecture applies uniformly to the family of quadratic twists of the given hyperelliptic
curve C, leading to the following bounds on the size of rational and integral points on the
curves Cy.

Theorem 1. Assume that the abc-conjecture is true. Suppose that f(x) € Z[x] does not
have repeated roots.
(i) If g > 1 then the integral points on Cy with x-coordinate r satisfy

Ir| < |d|!/(dee(f)=2)+o(1)

(ii) If g > 2 then the rational points on Cq with x-coordinate r/s where (r,s) = 1 satisfy

7|, |s| < |a|/ (Fa=2ro),

We believe that Theorem 1 is best possible in that there are integral (and rational)
points on various Cy with such large x-coordinates, and we will prove this whenever f has
a factor of degree two (a factor of degree four, respectively) over Q.

Certain rational points predictably occur on each Cy, namely those with y-coordinate 0
as well as the points at co when f has odd degree, and so are uninteresting for us. We call
these the “trivial points”. Our goal is to determine how many Cj; possess other rational
points, that is, “non-trivial points”.

Since each value of r/s with f(r/s) # 0 gives rise to a unique squarefree d, we can
immediately deduce the following result from Theorem 1.

Corollary 1. Assume that the abc-conjecture is true. Suppose that f(x) € Z|x| does not
have repeated roots.

(i) If f has degree > 3 (that is g > 1) then there are <y DV/(dee(f)=2)+0(1) sgyqarefree
integers d with |d| < D for which Cy has a non-trivial integral point.

(ii) If f has degree > 5 (that is g > 2) then there are <y DY (g=D+o() gouarefree
integers d with |d| < D for which Cy has a non-trivial rational point.
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Therefore there are < ; D'/2+°() values of |d| < D for which C; has a non-trivial
rational point if g > 3 (assuming the abc-conjecture). We believe that Corollary 1 is not
far from the best possible:

Conjecture 1. If f(z) € Z[x]| does not have repeated roots then there exist constants
kg, Ky >0 for which

(i) There are ~ 1y DY 48) squarefree integers d with |d| < D for which Cy has a
non-trivial integral point, provided deg(f) > 3.

(ii) There are ~ /i’fDl/(ngl) squarefree integers d with |d| < D for which Cyq has a
non-trivial rational point, provided g > 2.

We will give (conjectural) values for x and «'; below. The results in [12] can be used to
deduce that the lower bounds implicit in Conjecture 1 hold (with the same constants x ¢ and
K’t), assuming the abc-conjecture. Stewart and Top [16, Theorem 2] came close to proving

this, unconditionally, by showing that there are > D/(g+1)/ log® D squarefree integers
d < D for which Cj has a non-trivial rational point. In fact, we can prove Conjecture 1
for a family of hyperelliptic curves, assuming the abc-conjecture:

Theorem 2. Assume that the abc-conjecture is true, and suppose that f(x) € Z[x] factors
into distinct linear factors over Q. If f(x) has degree > 7 (so that g > 3) then Conjecture
1(i) is true for f. If f(z) has degree > 25 (so that g > 12) then Conjecture 1(ii) is true
for f.

The work of Caporaso, Harris and Mazur discussed above suggests that the number
of rational points on Cj is uniformly bounded. It is of interest to explicitly determine
that bound, though some clarifications are necessary. Rational and integral points come
in automorphism classes (that is, orbits of the action of the automorphism group). We
always have the automorphism (z,y) — (z,—y). There is sometimes also an automor-
phism (z,y) — (a — x,ty) for some fixed integer a, for integral points; and sometimes
automorphisms of the form

(2.y) ax + 8 +ny
’ yr 446 (yr+6)9tt )’

for some fixed integers «, (3,7, d,n, for rational points. We denote by Aut(C) the (finite)
group of such automorphisms of C, and define ¢4(Z) and c4(Q) to be the number of
automorphism classes of non-trivial integral and rational points on Cy, respectively. We
believe that these are typically small:

Conjecture 2. There exists a constant go such that if f(x) € Z[z] does not have repeated
roots and g > go then

(i) There are only finitely many squarefree integers d for which cq(Z) > 1.

(ii) There are only finitely many squarefree integers d for which cq(Q) > 2.

Remarks. One can easily find, by interpolation methods, a monic polynomial f of degree
n such that (z, f(x)) passes through n given points. If these are all integral points then
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one usually has ¢1(Q) > ¢1(Z) > n. This does not contradict our conjecture since we have
allowed for finitely many exceptional d.

Any curve of genus g > 1 has finitely many rational points. By multiplying the coeffi-
cients of f by appropriate powers of the least common multiple, L, of the denominators
of these rational points, we obtain a model for the curve on which all the rational points
are now integral. This can not be done simultaneously for all twists, as L will go to oc.
However it does mean that we cannot uniformly bound the “finitely many” in (i).

It is known that #Aut(C) < 84(g — 1); so our conjecture implies specific uniform
bounds for the number of integral and rational points on the quadratic twists of a given
hyperelliptic curve, with finitely many exceptions (that is, exceptional twists).

In Theorem 5(i) (in section 8) we exhibit certain infinite families of curves, C, for
which Conjecture 2(i) is true, assuming the abc-conjecture. Moreover, in Theorem 5(ii),
we exhibit certain infinite families of C' for which there are only finitely many squarefree
integers d with c¢4(Q) > 1 assuming the abc and abcd conjectures, that is, even more than
Conjecture 2(ii) is true.

We can go further than Conjecture 2 assuming the

Bombieri-Lang conjecture. Let X be any variety of general type, defined over a number
field K. There exists a proper closed subvariety S C X such that for any number field L
containing K, the set of L-rational points of X lying outside of S is finite.

Theorem 3. Assume that the Bombieri-Lang conjecture is true. If f(z) € Zlz| does not
have repeated roots and g > 1 then the set of squarefree integers d for which cq(Q) > 2
may be parameterized by the rational points on a finite number of curves of genus 0 and
1, together with finitely many exceptional d.

Here we use the Bombieri-Lang conjecture only for surfaces of the form 2?2 = g(x)g(y)

where ¢g(X) € Z[X] has even degree > 6.
Conjecture 2 and Theorem 3 suggest that quadratic twists with c4(Z) > 1 or ¢4(Q) > 1
are rare. We now give explicit bounds on this:

Theorem 4. (i) Assume that the abe-conjecture is true. If f(x) € Z[z] factors into
distinct linear factors over Q, with g > 3 then there are

<« D?/B(deg()=2)+o(1)

squarefree integers d < D for which cq4(Z) > 2.
(ii) Assume that the Bombieri-Lang conjecture and Conjecture 1(ii) are true. There
are < DY 29) squarefree integers d < D for which cq(Q) > 2.

If we do not assume Conjecture 1(ii) in the hypothesis of Theorem 4(ii), but rather
the abc-conjecture, then we only prove that there are < D/(29=2)+0(1) gquarefree integers
d < D for which ¢4(Q) > 2.

We will show that Theorem 4(ii) is close to best possible by exhibiting, under the
assumption of the abc-conjecture, infinite families of curves C' for which there are >
D'/(29+1) gquarefree integers d < D with cg(Q) > 2.
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In section 9 we make a couple of general remarks that arise from these considerations.
Then, in section 10, we extrapolate these ideas to make predictions about quadratic twists
containing infinitely many rational or integral points. Finally, in section 11, we extend
some of our results to the quadratic twists of superelliptic curves.

Notation: Throughout f(z) is a polynomial of degree n, with leading coefficient fy # 0,
with all integer coefficients and no repeated roots. Here n = 2g+1 or 29+ 2, and we define
F(x,z) = 22972 f(x/z).

Define Vy = 2|fo|~*/™ and Ay =1 or 2, equalling 2 if and only if there exists ¢ € Z
such that f(x) = f(¢ — x). For each integer r let w(r) be the number of residue classes t
(mod r) for which r divides f(¢). Then define k¢ = Ko where

_ Vi 1 w(p™) w(p*™) w(p®™)
Kfm = A_f : {1 + (1 - pm/n> <pm(1—1/n) + p2m(1=1/n) + p3m(1=1/n) RIEEE '

For m > 2 this converges unless deg(f) =n =1 or m = n = 2. An analogous definition
can be made over any number field. Note that if p { disc(f) then w(p*) = w(p) for each k,
so that the pth term of the Euler product is 1 4 w(p)(p™/™ — 1)/(p™ — p™/™).

Let w'(r) be the number of pairs of residue classes (u,v) (mod r) with ged(u,v,r) =
1 for which F(u,v) = 0 (mod r). By the Chinese Remainder Theorem both w(.) and
w'(.) are multiplicative functions. (Note that if p { fo then o’'(p*) = p*~1(p — 1)w(p*).)
We define V; to be the area of {(z,y) € R? : |F(z,y)| < 1}; and A¢(Q) to be the
number of distinct Q-linear transformations (x, z) — (ax + (z,vx + §z) of F for which
Flax + fBz,vx + 02) = F(x,2) mod (Q*)2. Comparing both sides of this equation, this
happens if and only if p — (ap+3)/(yp+9) is an automorphism of the roots p of f(p) =0
(including p = oo if f has odd degree), and either F'(«,7) and F'(1,0) are non-zero with
F(a,v)/F(1,0) € Q% or v = F(1,0) = 0 with ad € Q?, or F(a,v) = F(1,0) = 0 and
v # 0 with —(ad — B7y)f' (/) € Q2. In the second case p — (a/d)p+ (3/J, which implies
that a/d = 1 or —1; since ad € Q? we deduce that o = § which implies that 3 = 0 and this
transformation is thus the identity. Note that we must have ad — 37 # 0. (In the appendix
to [12] this is explored in detail and it is shown that A;(Q) must equal 1,2, 3,4, 6,8 or 12.)
Let N =m(g+1) and x; = £ , where

V! 1 w/( m) /( 2m>
ro_ _f . P wp
Kgm = Af(@) 1;[ {1 + <1 p2m/N) <p2m(1—1/N) + pim(1=1/N) + - ) }

For m > 2 this converges unless m = N = 2, or m = N = 3, or N = 4 and m = 2.
Analogous definitions and predictions can be made for any number field K. If p 1 fodisc(f)
then the pth term of the Euler product is 1 4+ w(p)(p — 1)(p*™/N — 1) /p(p™ — p>™/N).

One may think of V; and V]ﬁ as the local factors at infinity, to go with the local factors
at the finite primes p in the products defining ¢ ,, and /{’ﬁm.
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2. BOUNDING THE HEIGHT OF POINTS ON CURVES
A key tool in the proof of Theorem 1 is Theorem 5 from [12] which states:

Proposition 1. Assume that the abc-conjecture is true. Suppose that G(x,y) € Z[z,y] is
homogenous, without any repeated factors. Then, for any coprime integers r and s,

[T p>cmax{jr] |s|ydes@ 200,
prime p|G(r,s)

Now, given a polynomial f without repeated roots, take G(z,y) = yi°&(/)*1 f(z/y) and
apply Proposition 1 to obtain the following result:

Corollary 2. Assume that the abc-conjecture is true. Suppose that f(x) € Zlx] is without
repeated roots. Then, for any integer r,

H P> || des(F)—1—o(1)
prime p|f(r)

Proof of Theorem 1 for integral points. We have integers d, t, r satisfying

(1) dt* = f(r).

By Corollary 2 we have, assuming the abc-conjecture,

(Jdl[r|9esDN Y2 |d f ()2 = 1dt] > [ o= ] p>y Ir]desP=1mo0),
pldt plf(r)
and the result follows.

Proof of Theorem 1 for rational points. Homogenizing f to obtain F' as above, we have
(2) dt* = F(r,s)

for some integer ¢. Let H = max{|r|,|s|}, so that |F(r,s)| <y H*9*2. Applying Proposi-
tion 1 we get, assuming the abc-conjecture,

A 2HIT > A F(r,s) V2 =1dt) > [[p= ] p>rH>W,
pldt  p|F(r.s)

and the result follows.

Theorem 1 is “best possible”. Suppose that f(z) = (z? — 1)g(x). For any fixed positive,
non-square, integer D we know that there are arbitrarily large integer solutions (r,v) to
7?2 —1 = Dwv?. Therefore if dt? = f(r) = (r* — 1)g(r) = Dv?g(r) with d squarefree then
d divides D g(r) and so d <, |r|4°8(9) = |r|dee(/)=2; that is |r| > |d|'/(de(H)=2) This
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same construction works whenever f has a factor of degree 2 over the rationals, call it h(z)
with leading coefficient hg > 0, and D is a positive integer such that Dhg is not a square,
since one then knows that there are arbitrarily large integer solutions (r,v) to h(r) = Dv?
whenever there is at least one, by the theory of the Pell equation.

Now assume that f has a factor h(x) of degree 4 over the rationals, with h(0) = 0, so
that f(x) = h(x)g(x). Select any rational w for which h(w) # 0 and let D be the squarefree
integer for which D h(w) € Q?. It can be shown that for most w, the point (w,u) is a
point of infinite order on the elliptic curve D y? = h(z). Taking a large enough multiple
of this point we obtain an arbitrarily large rational point (7/s,v/s?) on this curve, so that
dt* = F(r,s) = H(r,s)G(r,s) = Dv?G(r,s). Hence d divides D G(r, s) and so

|d] < max{|r|, s} = max{|r|, |s[}>¢
and thus |r|, |s| > |d|'/(2972),

3. HEURISTIC IN SUPPORT OF CONJECTURE 1

Suppose that F(z,y) € Z[z,y] is homogenous of degree 2¢g + 2, without any repeated
factors. We wish to count the number of solutions to (2) in coprime integers r, s, with
D < d <2D. We saw, in the previous section, that the abc-conjecture implies that in any
such solution to (2) we must have |r|, |s| < D/ (29=2)+0(1),

For most pairs r, s with X < max{|r|,|s|} < 2X, we have F(r,s) < X2972: the value
can be significantly smaller, but only rarely, and then it can be no smaller than X?29—°(1)
by Roth’s Theorem. To simplify our heuristic we ignore this possibility (though this is
taken into account in the proof of Theorem 2). Anyway, if F'(r,s) < X2972  then we must
have t < X9t1/D'/2 in (2). Thus X > X, := D'/(29+2),

For a fixed t the number of solutions to (2) with X < max{|r|,|s|} <2X and (r,s) =1
is around (w'(¢?)/t*) X2, and we expect a positive proportion of these values of d to be
squarefree. Note that w'(p") = p"1(p — Dw(p") if p 1 fo, and that w(p”) = w(p) if
p [disc(f). Therefore, by a standard contour integration argument for summing coefficients
of Dirichlet series, we know that w'(t?)/t? is ~ c;(log Y)%(Y)~1 on average for values of ¢
around Y, where §(f) denotes the number of irreducible factors of f. Thus the total
number of solutions to (2) with r, s in this range should be

3 W(E)X2 o (log(XH/DY2))0(D

4 - +1 1/2
R (X9+1/D1/2)

(log(X/Xo))*) 1
X9-1 ’

Xf D1/2

where X, = D/(29+2) Now, summing over X = Xg,2Xo,...27 Xy = X; with X; =
D'/ (29=2)+o(1) " we find that the expected number of solutions to (2) with D < d < 2D

when g > 1 is
~ p/(g+1)
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The main contribution to the above sum comes from those X with X < X, and when
these are carefully summed up they give Conjecture 1(ii). Indeed we shall do this in the
forthcoming proof of Theorem 2.

An analogous (but simpler) heuristic leads to Conjecture 1(i).

4. THEOREMS 2 AND 4 FOR INTEGRAL POINTS

In this section we assume that the abc-conjecture is true; and that f(x) € Z[z] has
degree n > 7, and factors into distinct linear factors over Q.

Proof of Conjecture 1(i) for f. We have seen that all solutions to (1) satisfy |r| <
|d|Y/ (n=2)+o(1) " assuming the abc-conjecture. Write f(z) = c[[,,(a; X + b;) where ¢, a;, b;
are all integers with (a;,b;) = 1, so that fo =cay...a,. If R <r < 2R with R sufficiently
large then {|fo| + o(1)}R™ < |f(r)| < {2"|fo| + o(1)}R™. If (1) holds with D < d < 2D
then {|fo|/2 + o(1)}R"/D < t? < {2"|fo| + o(1)} R™/D. Now, the number of r € (R, 2R]
for which f(r) is divisible by ¢? is w(t?)(R/t? 4+ O(1)). Therefore, for R = (D T?)'/™ and
constants ¢; and ¢y satisfying 0 < ¢1 < \/|fo|/2 and ¢co > /27| fo|, the number of such
solutions to (1) is

< Y wE)(RMAP+1) < (R/T+T)log" T
01T<t<02T

since w(m) < n#PPIm} - This gives < D'/" solutions in total for T < D" /log"*¢ D,
and in fact o(DY™) as T — oo. Unfortunately this just fails to cover the whole range
7| < |d|/(»=2)+e(1) 5o this is where we use the fact that f is reducible.

Write each a;r + b; = ditf with d; squarefree so that dy...d, = dt% and toty...t, =t,
for some integer ¢ty > 1 which is uniformly bounded in terms of the coefficients of f. We
now show that there exists a divisor 7 of ¢ in the range RY3 < 7 < R2/3. If there exists
t; for which ¢; > R'/3 then let 7 = t;; note that t? < a;R+b; < R*3 so that t; < R?/3.
Otherwise let 7 = t1t5...¢; where j is chosen as small as possible so that this is > RY/3:in
this case 7 = (t1ty...t;_1)t; < RY3.RY3 = R?/3. Also j exists since (1 ...t,)% = t?/t2 >
R"/D > R?/®if T > D'/3"=2) Now (tf,t?)|(air + b;, a;m + bj)|(a;b; — a;b;); hence, the
fact that 7 divides ¢ implies that 7 is in one of w(77) congruence classes (mod 77) for
some integer 7y, where 7/7¢ is an integer <y 1. Therefore the number of such solutions
to (1) is

< Y wE)R/TP+1) < R*Plog" R,
R/3<T<R2/3

which is < DY/ /(log D)"/3, for T < D/*/(log D)"".

These two ranges for T' allow us to account for all |r| < |d|Y/(*=2)+°() provided n > 7.
To obtain an asymptotic formula for the number of such values of d, we need only consider
Ir| < DY"U as U — oo slowly with D, by the above estimates. Theorem 2 in [8] implies
that there are a bounded number of integer solutions (7, s) to uf(r) = vf(s) where u # v
are given. Moreover there are a bounded number of integer solutions (r, s) to f(r) = f(s)
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other than s = r or £ — r (if such an ¢ exists). These results imply that the number of
solutions to (1) with d < D is given by

Z {r: |f(r)] < D%, £2|f(r) and f(r)/t? is squarefree} /A; + o(DY/™)
t<T

as T — oo. Now the condition |f(r)| < Dt? is essentially equivalent to |r| < {1 +
o()HDt?/|fo|)/™. If £?|f(r) then 7 is in one of w(t?) residue classes mod t2. If that
class is, say, 9 then write r = ro + t2s and then g(s) = f(ro + t%s)/t? and so we need to
estimate #{s : |s| < S : g(s) is squarefree} where S = S; := {1 4 o(1)}(D?/| fo|)*/" /2.
By the main result of [12] this is ~ [ (1 — wy(p?)/p*)2S (which can be shown to apply
uniformly in this case) where wy(p?) denotes the number of m (mod p?) for which g(m) =0
(mod p?). In fact if p® is the exact power of p dividing ¢ then w,(p?) = w(p?**2, ) where
w(p?**2,7g) is the number of m (mod p?**2), with m = ¢ (mod p?*) for which f(m) =0
(mod p?**2). Thus if ¢ = [, p then the contribution of the “t terms” to the sum above

| On s (e

NQStH(

pft r; (mod p2%)
f(ri)=0 (mod p**i)
2 2b; 2b;4-2
o2 w(p?) w(P®)  wE®T)\
= 2t75; H <1 - P2 ) H ( p2bi - p2bit2 )
pit i

and then summing over ¢ we obtain the first result.

Proof of Theorem 4(i). From the work of Bombieri and Pila [2] we know that there are
< RY"(log R)°™) pairs of distinct integers ry, 79 € [R,2R] for which t2f(r1) = t3f(rs),
uniformly for any given t1,f5. Thus the number of d for which Cy has a pair of non-
trivial integer points f(ri) = dt2, f(rs) = dt2 with t;,t, < T = RI/DA/n=1/n%) jg «
T2R'/"(log R)°M, which is certainly acceptable. For larger d we simply bound the number
of twists with two points by the number with one point, for want of a better argument,
and we obtain our result.

5. PROOF OF THEOREM 2 FOR RATIONAL POINTS

Define F' from f as above. Define S(R, z) to be the set of pairs of coprime integers (r, s)
such that R < max{|r|,|s|} < 2R for which 0 < |F(r,s)| < R"/z. By Roth’s theorem
S(R, z) is empty if z > R?>te(D),

We claim that if 1 < z < R then |S(R, z)| <y R?/z: For z < 1 this is trivial. Otherwise,
write F(z,y) = c¢[[;_;(a;X + b;Y) where ¢, a;,b; are all integers with (a;,b;) = 1, so
that fo = cay...a,. Since max{|a;,r + b;s|,|a;r + b;s|} < R, we see that there exists i
such that |a;r + b;s| < R/z while |ajr + b;s| < R for all j # i. Now if a; # 0 then
—R/(za;) — bjs/a; < r < R/(za;) — b;s/a; so that there are < R/(za;) possibilities for r,
for each s, and thus we obtain the claim.
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Now define N (R, z) to be the number of (r,s) € S(R, z) such that F(r,s) = Dt? where
d is squarefree and D < d < 2D. The abc-conjecture tells us that in any such solution
max{|r|, |s|} < D/ (n=4)+e(),

Now, N(R, z) < [S(R, 2)| <y R?/z, so that Y., N(DY/™ .27, 20%97) « D?/n.

Given residue classes 1 < u,v < m which are coprime with m, and integers a, b, we will
need an uniform estimate for the number of pairs of integers r, s satisfying |ar 4+ bs| < X
and vr = us (mod m). In fact the pairs (7, s) lie on the lattice generated by (u,v), (m,0)
and (0, m) which has determinant m. The number of lattice points in this region can be
estimated by 1/m times its volume, with an error no bigger than some multiple of the
length of its perimeter.

If R = (DT?)Y™ where z < T? then t =< T/\/z. Thus we have t?|F(r,s) where
la;r + b;s| < R/z and |r|,|s| < R and so, by the above, the number of lattice points is
< w(t?)(R?/2t? + R). Summing over all ¢, the number of lattice points is

< (R*/(VZT) + RT/V/z)log™(T/Vz).

This is o(D?*™) whenever T < D'("*2)/(log D)"~? provided T — oo; and for z >
(T™+2/ D)2/ 1og®™ 1 T for larger T (provided n > 5).

We use the fact that f is reducible. Write each a;r + b;s = ditg with d; squarefree so
that dy...d, =d and t;...t, = t. We now show that there exists a divisor 7 of ¢ in the
range (R/2)'/? < 7 < max{(R/z)?/3, RY/?}. If there exists t; for which t; > (R/z)'/3 then
let 7 = t;; note that t? < (a;| +|b;|) R < R. Otherwise let T = t1¢5...t; where j is chosen
as small as possible so that this is > (R/2)/3; in this case 7 = (t1ta...t;_1)t; < (R/2)'/3-
(R/2)'/3. Also j exists since (t1 ...t,)% =t? > R"/Dz > (R/2)%/3 if 2 < (T3"~%/D)?/".
Therefore, since (t7,t5) | (air + bis, a;r + bys) | (aibj — a;bi)(r,s) = a;b; — a;b;, the fact
that 7 divides ¢ implies that r/s is in one of w(TJ%) congruence classes (mod TJ%) for some
integer 77, where 7/7¢ is an integer <y 1. Therefore the number of such solutions to (2)
is

< Z W'(1?)(R?/21% + R) < R*/®log" R,
(R/z)'/3<r< R2/3

which is < D?/™/ log? D since R < D1/ (n=4)+o(1),

Combining the above gives the result that the number of such d is < D?/™ as n > 25,
and one finds that there is a significant contribution to the main term only when 2z, T' < 1.

To obtain the constant /{’f we proceed much as in Theorem 2. The modular arithmetic
proceeds much as before. The contribution of the size of the numbers in the definition of
ks was 2|fo| 71/™, which is obtained from limy_o [{z € R : |f(z)| < U}/UY"™. Here the
analogous contribution is limy .. [{z,y € R : |F(x,y)| < U}/U?™ = V}, and thus the
result.

Remark. The argument used to bound the number of C; with two integral points (i.e.
the proof of Theorem 4(i)) does not seem to go through here: although Heath-Brown
showed that there are < R?*/"(log R)°") rational points on f(r1/s1)t3 = f(ra/s9)t? with
r1,81,72,82 < R for any given t1,ts, we actually need to bound points on F(rq,s1)t3 =
F(TQ, Sg)t%.
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6. abc-THEOREMS FOR POLYNOMIALS.

In this section we establish unconditional results that are analogous to Proposition 1
and Corollary 2 for polynomials, which do not seem to have been observed previously:

Proposition 2. a) Suppose that g(x) € Clz] has no repeated roots. For any r(t) € C[t]
we have

#{a € C: g(r(e)) =0} > deg(r)(deg(g) — 1) + L.

b) Suppose that G(x,y) € Clz,y] is homogenous, without any repeated factors. For any
coprime polynomials r(t), s(t) € C[t], we have

#{a e C: G(r(a),s(a)) =0} > max{deg(r),deg(s)}(deg(G) — 2) + 2.
Proof. a) follows from the fact that any polynomial r has exactly deg(r)— 1 critical points
counted with multiplicity, and b) from the fact that any rational function r/s on P! has

exactly 2deg(r/s)— 2 critical points counted with multiplicity. The proof also implies that
the results here are best possible.

7. PAIRS OF POINTS ON THE SAME TWISTS

Suppose that we have two solutions to (1) for a given d; that is du? = f(z) and
dv? = f(y). This then gives a solution to
(3) 2 = f(2)f(y)

with z = +duv. Thus, for a given f, the set of pairs of different solutions to (1) with
u,v > 0, as we vary over d, is in 1-1 correspondence with the set of solutions to (3) with
z > 0, once we have discarded the “trivial” solutions with z = 0, and the “repeat solutions”
with x = y.

A surface of general type: Proof of Theorem 3

In order to apply the Bombieri-Lang conjecture we need to know that the surface defined
by (3) is of general type. Ernst Kani provided me with the following proof. Let n = 2g+2 >
6 (so that g > 2). Applying a Mdbius transformation if necessary, we may assume that f
has degree n. Let X = {(z,y,2) : 22 = f(x)f(y)} and view X as a double cover of P* x PL.
Then H := A; x P! + P! x Ay (for points Ay, As) is an ample divisor on Y = P! x P!, and
the canonical divisor on Y is Ky = —2H. Moreover, the divisor D defined by f(x)f(y) =0
is linearly equivalent to nH (D ~ nH) and has only simple singularities. Thus, if p : X
denotes the de-singularized double cover (as in [1], p. 182), then by equation (8) there we
have

Kx ~p*(—2H + (n/2)H) = p*(mH), with m = (n —4)/2.

Thus, for any k£ > 0,

(4) (kK x) = hP(p*(kmH)) > h®(kmH) ~ ck*m?
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for some constant ¢ # 0, the latter because H is ample. Here h%(D) = dimH°(X, L(D)),
for any divisor D on X (and similarly for divisors on Y). But (4) implies that X has
Kodaira dimension 2 (i.e. X is of general type) when m > 0 (i.e. n > 4).

Since X is of general type we can apply the Bombieri-Lang conjecture, and so we wish
to understand the proper closed subvariety S C X. Since S is a proper closed subvariety
we may assume that S is a finite union of curves, and since we may discard finitely many
points, we may assume that all of those curves have genus 0 or 1 (by Faltings’ Theorem).

Counting pairs of points: Proof of Theorem 4(ii)

We have just seen that the d < D for which ¢4(Q) > 2 arise, other than in finitely
many examples, from points on finitely many curves of genus 0 and 1 on the surface (3).
The number of such d < D arising from curves of genus 1 is D°(), a relatively small
quantity, so we can now restrict our attention to those d that arise from curves of genus
0. These curves may always be parameterized by rational functions, that is we can find
x(t),y(t) € C(t) for which f(z(t))f(y(t)) € C(¢)%

Recall that f has degree 2g+2 with g > 2, and F(X,Y) = f(X/Y)Y?2972. We will write
z(t) = r(t)/s(t) and f(r(t)/s(t)) = d(t)(u(t)/s(t)7)? with d(t),7(t),s(t),u(t) € C[],
where d(t) has no repeated roots, and s(¢) has no roots in common with 7(¢)u(t); and
similarly y = R(t)/S(t). Let 6 = max{deg(r), deg(s)} be the degree of z(t), which we may
assume to be < ¢’, the degree of y(t). We may find a Mobius transformation ¢ — Mt to
ensure that F'(r(t), s(t)) has degree 26(g+1) and that F'(R(t), S(t)) have degree 26’(g+ 1)
(i.e. there is no cancellation in either product).

By Proposition 2b we have deg(u) < 26 — 2, and so d(t) has degree > 2§(g — 1) + 4.
Therefore degd(t) € [26(g — 1) +4,26(g + 1)], so we deduce that

25'(g — 1) +4 < 25(g + 1).

Thus if § < ¢g/2 then ' =6 (else &' > 6+ 1 whence (6 +1)(g — 1) +2 < (g + 1) giving a
contradiction). Note that if § = 1(< ¢g/2) then §' =1 and so degu = deg U = 0; therefore
the two solutions are connected by an automorphism, so are of no interest to us. We
henceforth assume § > 2.

Now d(t) has even degree > 2§(g — 1) +4 > 4g for § > 2. The number of such
integers d < D is <« D'/?9 assuming Conjecture 1(ii); and < D/ (29=2)+e(1) assuming the
abe-conjecture by Corollary 2(ii).

Remark. These bounds improve to < D/ (2911 and « D/ 29-1+0(1) " regpectively, when
d(t) has degree > 4¢. If d(t) has degree 4g then deg U = 5(26'(g+1)—degd) = &'(g+1)—2g,
whereas deg U < 26’ — 2 by Proposition 2b and therefore ¢’ < 2. Thus § = ¢’ = 2, and so
there exist rational functions z(t) and y(t) of degree 2, not in the same orbit of Aut(C),
for which f(z(t))/f(y(t)) is the square of a rational function of degree 2. It may be that
there does not exist such an exotic example when f has large enough degree.

Numerous twists with pairs of points:
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o Let f(z) = zh(x(2—x)) for a given h(zx) € Z[z] of degree g > 1, so that n = 2g+1. We
get a rational solution x = u,y = 2—u to (3) if and only if u(2—u) € Q2. This occurs if and
only if u = (t+1)2/(t?> +1) for some rational ¢, in which case u(2—u) = ((t*—1)/(t*+1))%
Thus u and 2 — u are the z-coordinates of rational points on C; where

d= (2 + D)2 h(((#2 - 1)/(t + 1))).

By Conjecture 1(ii) the number of such d < D is ~ m}Dl/@gH).

o Let f(z) = (z — 1)(z — 2)(x — 4)...(x — 2"~ 1). We get a rational solution z =
u,y = 2u to (3) if and only if 2"~ 1(2u — 1)(u — 2"~1) € Q*. This occurs if and only if
u=2""1(t2 —1)/(t? — 2") for some rational t. In this case with n divisible by 4, u and 2u
are the z-coordinates of rational points on Cy where

H 29 — )2 + (2" — 27)).

By Conjecture 1(ii) the number of such d < D is ~ &, DV/(2g+1),

o Let f(z) = 2* — 4ax?® — a®. We get a rational solution x =t +a/t, y = at/(t> — a)
to (3) in rational functions of degree 2 that are not in the same orbit of Aut(C'), where
f(x®)/f(y(t)) = (i(t? — a)?/at?)? is the square of a rational function of degree 2.

Several interesting future projects emerge from these considerations:

e Classify all f(x) € Clz] and z(t),y(t) € C(t) of degree two for which f(x(t))/f(y(t)) is
the square of a rational function of degree 2. I guess that if deg(f) is sufficiently large then
x(t) and y(f) must be in the same orbit of Aut(C).

e Classify all f(x) € C[x] and z(t), y(t) € C[t] which give rise to solutions to (3). In other
words we wish to understand pairs of integral points on the Cy. Florian Luca and I have
shown that there are no solutions with deg(f) > 2 = deg(x) = deg(y). I guess that if
deg(f) is sufficiently large then x(¢) and y(¢) must be in the same orbit of Aut(C); this
implies Conjecture 2(i) assuming the Bombieri-Lang conjecture.

e Classify all f(x) € C[z] and z(t),y(t),Y(t) € C(t) which give rise to two solutions to
(3). That is, to determine triples of rational points on Cy; were the triples to give rise to
solutions of (3) involving distinct polynomials then there would be finitely many triples,
by Faltings’ theorem, unless the polynomials had extremely low degree. In any case we
believe that if deg(f) is sufficiently large then two of any triple of solutions lie in the same
orbit of Aut(C'); this should lead to a proof of Conjecture 2(ii) assuming the Bombieri-Lang
conjecture.

8. ONLY FINITELY MANY TWISTS WITH PAIRS OF POINTS

Theorem 5(i). Assume the abc-conjecture. Let f(x) € Z[z] have degree n and no repeated
roots. If there exists a polynomial h(x) € Z[x] of degree { < n with no roots in common
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with f(x), such that g(z) := f(x) — h(z) has p distinct roots and

5+ V17
n > %(\)/7 (40 + 5p2)

then there are only finitely many squarefree integers d for which there is more than one
non-trivial integer solution to f(x) = dy?.

Proof. Let m be the number of distinct roots of gh so that © < m < u+ ¢. Suppose that
f(r) = du® and f(s) = dv? for integers d,r,s,u,v with d squarefree and |r| < |s|. Now
g(r)+h(r) = du?, so applying the abc-conjecture we deduce that |r|?~°(1) < |g(r)|! M) «
L unym P < |dullr|™; and therefore |u| < |d[u?|r|m=r o) < |p|mFe) - Similarly
lv| < |s|™t°(M). Define «, 8 so that |u| = |[r|*™ and |v| = |s|’™, and thus 0 < o, § <
1+ o(1).

Since |r| < |s| thus u?|h(s)| < v2|h(r)|. Let v = ged(v2g(r), u?g(s)) and so v2g(r)/y +
(v2h(r) — u?h(s))/y = u?g(s)/vy. By the abc-conjecture we find that |v2g(r)/y|* 1) <«
(02[h(r)]/7) Juvl|rs|; and so [r|*=¢mrmmamoll) < [s|ptom,

Noting that |r|?72m® = |p|"/u? < f(r)/u? = d = f(s)/v? < |s|"/v? = |s]" 728 we
deduce that

(n—L4—p—ma)(n—2mp) < (u+ m)(n — 2ma) + o(1).
Since the difference of the two sides of this equation is linear in o and (3 separately, the

extreme cases of the inequality must happen at the endpoints for the ranges of o and [
(that is at 0 or 1 + o(1)). We then easily prove that |r|,|s| < 1 for

£4+2u+3 02 + 402 4+ 9m2 + 40 — 20m + 4
n>max{2m—|—£—|—2u, +2p+ m—i-\/ + H;‘ m= + 4Lu m + mu}'

(The extreme cases here correspond to f = 140(1) and to @ = 1+0(1) and 0, respectively).
This lower bound for n is an increasing function of m in its range p < m < pu+ ¢, so
the theorem holds since the bound given is larger than the above expression taken with
m=p—+4L.

Ezamples. The hypothesis, and hence the result, of Theorem 5(i) holds for f(z) = g(z)+a
where a is a non-zero constant provided n > (5 4+ v/17)m/2, where m is the number of
distinct roots of g(x). In particular for f(x) = 2™ + a once n > 5. The hypothesis also
holds for f(x) = 2™ 4+ ax + b once n > 9; and indeed for any f(z) = 2™ + h(z) with
h(0) # 0, provided the degree of h is < (n —5)/4

We want to use an analogous argument to find f(x) for which there are only finitely
many squarefree d with more than one non-trivial rational point on f(z) = dy?. However
there is now no guarantee that h(r) and h(s) are small, so we need to rework the third
application of the abc-conjecture in the proof above. To do so we will use the following
generalization of the abc-conjecture:



RATIONAL POINTS ON HYPERELLIPTICS 15

The abcd-conjecture. If a,b,c and d are integers for which a + b+ ¢+ d = 0, where no
subsum vanishes and ged(a, b, c,d) =1, then

lal, |b], |c],|d| < N (abed)?ToW),

The exponent 3 is conservative based on the example 23 + 3 x 2F x (28 + 1) +1 —
(28 +1)3 = 0. A less conservative version of the conjecture is that the exponent should

be 1 outside of “finitely many subvarieties” (the above example belongs to the subvariety
{a+b+c+d=0,>=27acd}).

Theorem 5(ii). Assume the abc-conjecture and abed-conjecture. Let f(x) € Z[x] have
degree n and no repeated roots. If there exists a polynomial h(x) € Zlz| with no roots
in common with f(x), such that h(x)(f(z) — h(x)) has < n/10 distinct roots, then there
are only finitely many squarefree integers d for which there is more than one non-trivial
rational solution to f(x) = dy>.

Sketch of Proof. We have |u| < |r|™°M) and |v] < |s|™+t°(1) as in the proof of Theorem
5(i). Again define o, 8 so that |u| = |r|*™ and |v| = |s|®™, and thus 0 < o, B < 1 4 o(1).
Now we will let v = ged (v, u) and consider the equation

g(r)(v/7)? + h(r)(v/7)* = g(s)(u/7)* + h(s)(u/7)*.

By the abed-conjecture we find that [g(r)(v/v)?*/37°M) < |uv/+?||rs|™; which can be
rewritten as |r|?/3—m—am=o(l) « |5|m+Om/3 5o that

(n—2mpB)(n/3 —m —am) < (n —2ma)(m+ fm/3) + o(1).

This cannot hold if n > 10m.

Remark. If we can take exponent A instead of 3 in the abcd-conjecture, we get a contra-
diction if n > (34 4 1)m.

9. DISCUSSION

Different models of a curve, and integral points

The choice of model for a hyperelliptic curve has little effect on the number of rational
points. However integral points are not so robust a notion since their definition does depend
on the chosen model for the curve. For example, rational points (r,s) on dy? = z3 + 1 are
in 1-to-1 correspondence with rational points (u,v) on dy? = z* + 2 (via the birational
transformation v = 1/r,v = s/1?), yet Conjecture 1 predicts quite different quantities of
integral points on the quadratic twists of these two models for the same curve.

Are our predictions made on a firm basis?

Many researchers are skeptical about the full Bombieri-Lang conjecture, not least be-
cause of the extraordinary deductions that can be made from it, such as the results from
[4] mentioned in the introduction. One further consequence of the work of [4] is that if we
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fix g > 1 and any number field K with [K : Q] >, 1 then there are only finitely many
curves C' of genus g defined over QQ such that there is a point in C(K) which does not
belong to a subfield of K (else the point has [K : Q)] distinct conjugates in C'(L) where L
is the Galois closure of K/Q, contradicting the universal bound on the number of rational
points given by [4]). At first glance this seems implausible, but perhaps the conjecture is
true and rational points are very rare indeed, requiring many of us to gain new intuitions.

10. WHEN THERE ARE INFINITELY MANY POINTS

If g =0 or 1, our argument with the abc-conjecture does not give an upper bound on
the height of solutions, which is just as well, since one knows that there can be solutions
of arbitrarily large height. Nonetheless we can exploit several other ideas in this article to
guess at the distribution of small points.

Extending our heuristics to curves of genus 0

We shall assume here that f has degree 2. By the heuristic of section 3, we expect
=; XD'Y?(log(X/D/?))°(/)=1 rational points on Cyq with d < D and max{|r|,|s|} < X,
where X > D'/2: in particular, x<; D rational points when X =< D'/2. This is all more-
or-less confirmed by known results on conics. Legendre’s theorem states that there are
solutions to (2) if and only if d and its prime factors belong to certain residue classes mod ¢
where ¢ = {(f) is a certain nonzero integer depending on f (for example, if f = az?+b then
¢ = 4ab). Considering only prime values of d we see that there are indeed = D(log D)°)
integers d € (D, 2D] for which (2) has solutions. Moreover, Holzer’s well-known bound [13]
on the height of points on a conic (if there is a non-zero integer solution to az? + by? = cz>
where abc is squarefree then there is one with |ax?|, |by?|, |c2?| < |abc|) translates to the
fact that if there is a non-trivial solution to (2) then there is one with |r|, |s| < |d|*/2; thus
we do indeed have the predicted number and size of solutions.

We can extend the heuristic in section 3 to the easier case of solutions to (1), i.e.
integral points, when f has degree two, predicting <; D'/?(log(X/D'/?))°(/)=1 integral
points on Cy with d < D and |r| < X, whenever X > D'/2. The key question is in
what range for X is this true uniformly? In the range in which we can prove it holds,
that is X not much bigger than D'/2, the factor (log(X/D/2))%(/)=1 has little effect no
matter what the value of §(f), and my guess is that this remains so. Therefore let us
predict <y D'/2+o(1) integral points uniformly in each dyadic interval [X,2X], for X up to
exp(D'/?+°(M): the reason I choose this limit is that there are D'/2+°(1) dyadic intervals
up to this height, and therefore a total of about D'*°(1) such points. This fits well with
the theory of the Pell equation since we know that if f(z) = 22 — 1 then (1) has solutions
for a positive proportion of squarefree d. Moreover Dirichlet’s class number formula (or,
indeed, the construction of fundamental units using continued fractions) implies that the
smallest such solutions always have |r| < exp(d'/2T°(1)). In fact our heuristic suggests
that most such fundamental solutions are this large, and hence that the class numbers
of the corresponding real quadratic fields are typically very small, supporting well-known
predictions of Cohen and Lenstra [5,6].

Extending our heuristics to rational points on curves of genus 1
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It is widely believed that, asymptotically, half of the quadratic twists of any given elliptic
curve over the rationals have finitely many rational points, and half have rank one (see [3]
for a survey).

The method of Gouvéa and Mazur [11], as refined by Stewart and Top [16] and Rubin
and Silverberg [15], constructs roughly the predicted number of curves with non-trivial
solutions to (2) when g > 1. Their technique only finds rational points of small size
(polynomial in d), which is all that there is for ¢ > 1 assuming the abc-conjecture, by
Theorem 1. However, for ¢ = 1, the heuristic of section 3 predicts that there are just
D1/2+0(1) twists with such small non-trivial rational points and indeed their method counts
this many, far fewer than “half the quadratic twists” (as in the previous paragraph). If
we assume that the range of validity of the prediction of section 3 can be extended for all
X up to exp(Dl/ 2+°(1)) (as we did for integral points on curves of genus 0 in the previous
section) then we get a total of D'*°(1) such rational points, and so we might be led to
predict that all of the generators of the Mordell-Weil group of Cy are < exp(d/2+°()),
Such a prediction can be deduced assuming the weak Birch-Swinnerton Dyer conjecture
and the Riemann Hypothesis for L(Cy, s), as in [14].

One recently popular question is to estimate, for a given elliptic curve E, the number
of squarefree d < D for which the dth quadratic twist of F has rank r > 2. Based on
the growth of the coefficients of certain modular forms, Sarnak predicted something like
D3/4+0(1) guch twists with rank > 2, whereas, based on computational evidence, Rodriguez-
Villegas predicted something like D3/ 4(log D)O(l) such twists with rank 2. Conrey, Keat-
ing, Rubinstein and Snaith [7] developed a sharper prediction, ~ cpD3/*(log D)3/8+1=
such twists of rank 2, based on (the GUE) conjectures for the distribution of values of L-
functions, where ng depends explicitly on F[2] and Disc(E) (see [9]). Now [14] also predicts,
again assuming the Birch-Swinnerton Dyer conjecture and the Riemann Hypothesis for
L(Cy, s), that the smallest generator of the Mordell-Weil group of Cy is < exp(d*/?7+°(1)),
when it has rank r. Combining this with our extenstion of the heuristic of section 3, we
predict that there are < D/2+1/2r+0(1) gquarefree d < D for which the dth quadratic twist
of E has rank r. When r = 2 this coincides with the predictions of Sarnak, Rodriguez-
Villegas, and Conrey et al.

There has been speculation that the number of quadratic twists of rank 3 should grow
like D3/4+°(1) that is, roughly as many as of rank 2 (see Remark 8.3 of [15]), whereas our
prediction gives < D?/3T°(1) | far fewer. Rubin and Silverberg [15] constructed > D'/2
quadratic twists of rank > 2, > D'/3 quadratic twists of rank > 3 and > D'/6 quadratic
twists of rank > 4, assuming only the parity conjecture, by creating elliptic curves with
several rational points of small height; however these points are smaller than what we
would predict is typical, so we believe that their lower bounds fall well short of the actual
count.

In a further article, with Mark Watkins, we will develop this heuristic approach to give
new evidence in favor of Honda’s conjecture that there is an absolute bound on the rank
of the elliptic curves in the family of quadratic twists of a given elliptic curve.
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11. SUPERELLIPTIC CURVES.

The methods, results and conjectures of our study of hyperelliptic curves carry over to
the quadratic twists Cy : dy™ = f(x) of a given superelliptic curve, C = C7 where m > 3,
f(x) is a polynomial with integer coefficients, whose factors have multiplicity less than m,
and d is not divisible by the mth power of any prime. For simplicity we will make the
further assumptions that f has no repeated roots (which is so in most cases of interest),
and usually that the degree of f is divisible by m (which simplifies matters considerably
when we consider rational points). We again define c4(Z) and ¢4(Q) to be the number of
automorphism classes of non-trivial integral and rational points on Cy, respectively.

Throughout the rest of this section we assume the abc-conjecture.

We conjecture that there are ~ /fcf,le/deg(f) mth-power free integers d with |d| < D
for which ¢4(Z) # 0, provided deg(f) > 2, and that there are ~ Ii,f,sz/ deg(f) mth-power
free integers d with |d| < D for which ¢4(Q) # 0, except perhaps when deg(f) < m = 3.
The results in [12] can again be used to deduce that the implicit lower bounds hold; and
we can even prove these conjectures if f(z) factors into distinct linear factors over Q and
has degree > 4m(m +1)/(m — 1)2.

We also conjecture that if deg(f) is sufficiently large then there are only finitely many
mth-power free integers d for which c4(Z) > 1, and only finitely many mth-power free
integers d for which ¢4(Q) > 2. Again we can exhibit certain infinite families of curves, C,
for which these conjectures are true, assuming the abc-conjecture.

Any integral point on Cy with z-coordinate r satisfies |r| < |d|*/(des(/)—m=0)+o() por
f of degree mg + i, 1 < i < m, any rational point on Cy with z-coordinate r/s where
(r,s) = 1 satisfies

(m,i)+1
—1

(5) Pl | < [/ (o=t e,

Thus we can deduce that there are <y DY/ (dee(f)=727)+o(1) mth-power free integers d
with |d| < D for which ¢4(Z) # 0 (which is non-trivial unless deg f < 2); and that
there are <y D2/ (myti=1-L52E ) +o(1) mth-power free integers d with |d| < D for which
ca(Q) # 0 (which is non-trivial unless deg f < 3, or deg f = 4 and m = 3 or 4). It may
be that these results can be improved. To prove (5) let F*(r,s) = s™97f(r/s) so that
F(r,s) = F*(r,s)s™*. Any rational point on Cy gives rise to a solution of F(r,s) = dt™,
so we may write F*(r,s) = dit]", s™" " = dat]', where dids = dt]* and t = tot ity with
to < 1. The key here is the bound Hp|spm < d5 1 s|™? which is easily proved by
considering the cases where p|dy and p t dy separately. Therefore, by the abc-conjecture,

we have .
ng—l—z—l—O(l) < H p= Hp < H pHp < ‘d1t1| Hp,

plsF*(r,s) pldt pldits  pls pls

and so H™(mgti—1)=o(l) « gm=1F*(p s)||s|(™0) <« =1 H™9T+Hm0) and the result fol-
lows.

Assuming the Bombieri-Lang conjecture for surfaces of the form 2™ = g(z)/g(y) where
g(X) € Z[X] has degree divisible by m, the set of mth-power free integers d for which
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c4(Q) > 2 may be parameterized by the rational points on a finite number of curves of
genus 0 and 1, together with finitely many exceptional d; in fact there are < D*/™(n—1)
such integers d < D for which ¢4(Q) > 2 if our conjecture above is true and n > m + 4.
This is not so far from best possible since the first two examples of section 7 both yield
> D2/m(n=1)  guch integers d < D.
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this article!).

REFERENCES

[1] W. Barth, C. Peters and A. Van de Ven, Compact complex surfaces, Springer-Verlag, 1984.

(2] E. Bombieri and J. Pila, The number of integral points on arcs and ovals, Duke Math J 59 (1989),
337-357.

[3] J. Brunier, K. James, W. Kohnen, K. Ono, C. Skinner and V. Vatsal, Central critical values of
quadratic twists of modular L-functions and some applications, Topics in Number Theory (eds. S.
Ahlgren, G. Andrews, K. Ono), Kluwer Academic, Dordrecht, Netherlands, 1999, pp. 115-125.

[4] L. Caporaso, J. Harris and B. Mazur, Uniformity of rational points, J. Amer. Math. Soc. 10 (1997),
1-35.

[5] H. Cohen and H.W. Lenstra Jr, Heuristics on class groups, Lecture Notes in Math 1052 (1984),
26-36.

[6] H. Cohen and H.W. Lenstra Jr, Heuristics on class groups of number fields, Lecture Notes in Math
1068 (1984), 33-62.

[7] J.B. Conrey, J. Keating, M. Rubinstein and N. Snaith, On the frequency of vanishing of quadratic
twists of modular L-functions, Number theory for the millennium, I, (eds, M.A. Bennett et al.),
A.K.Peters, Natick, MA, 2002, pp. 301-315.

[8] P. Cutter, A. Granville and T. Tucker, The number of fields generated by the squareroot of values
of a given polynomial, Canad. Math. Bull 46 (2003), 71-79.

[9] C. Delaunay and M. Watkins, The powers of logarithm for quadratic twists (to appear).

[10] N. Elkies, ABC implies Mordell, Int. Math. Res. Not. 7 (1991), 99-109.

[11] F. Gouvéa and B.y Mazur, The square-free sieve and the rank of elliptic curves, J. Amer. Math.

Soc 4 (1991), 1-23.

2] A. Granville, ABC means we can count squarefrees, Int. Math. Res. Not 19 (1998), 991-1009.

3] L. Holzer, Minimal solutions of diophantine equations, Canad. J. Math 2 (1950), 238-244.

[14] S. Lang, Conjectured Diophantine estimates on elliptic curves, Arithmetic and Geometry, I, vol. 35,
Progr. Math., Birkh&user Boston, Boston, Mass, 1983, pp. 155-171.

[15] K. Rubin and A. Silverberg, Ranks of elliptic curves, Bull. Amer. Math. Soc 39 (2002), 455-474.

[16] C. Stewart and J. Top, On ranks of twists of elliptic curves and power-free values of binary forms,
J. Amer. Math. Soc 8 (1995), 943-973.

DEPARTEMENT DE MATHEMATIQUES ET STATISTIQUE, UNIVERSITE DE MONTREAL, CP 6128 succ.
CENTRE-VILLE, MONTREAL QC H3C 3J7, CANADA
E-mail address: andrew@dms.umontreal.ca



