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Abstract

For any fixed nonzero integer h, we show that a positive proportion of integral binary
quartic forms F' do locally everywhere represent 4, but do not globally represent . We
order classes of integral binary quartic forms by the two generators of their ring of GLy(Z)-
invariants, classically denoted by 7 and J.

2020 Mathematics Subject Classification: 11D25, 11D45

1. Introduction

Let i € Z be nonzero. We will prove the existence of many integral quartic forms that do
not represent /. Specifically, we aim to show many quartic Thue equations

F(x,y)=nh ey

have no solutions in integers x and y, where F(x, y) is an irreducible binary quartic form with
coefficients in the integers.
Let

F(x,y) = aox* + a1x’y + axx®y? + azxy’ + agy* € Zx, y).
The discriminant D of F(x, y) is given by
D =Dp =af(a; — a2) (a1 — a3)* (e — ) (@2 — 3)* (02 — 0a)* (o3 — 04’
where o1, ap, a3 and a4 are the roots of
F(x,1)= a0x4 + a1x3 + a2x2 + azx + aq.

Let A= (¢ Z) be a 2 x 2 matrix, with a, b, ¢, d € Z. We define the integral binary quartic
form FA(x, y) by

FA(x,y) := F(ax+ by, cx+ dy).
It follows that
Dpa = (detd) 2Dy ()
If A € GLy(Z), then we say that +F4 is equivalent to F.
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The GL,(Z)-invariants of a generic binary quartic form, which will be called invariants,
form a ring that is generated by two invariants. These two invariants are denoted by / and
J and are algebraically independent. For F(x,y) = aox* + a1x>y + axx?y? + azxy’ + as)*,
these invariants are defined as follows:

[=1Ip=d} —3a1a3 + 12apay (3)
and
J=Jp= 2a3 —9aiaras + 27a%a4 — Taparas + 27aoa§. )

Every invariant is a polynomial in / and J. Indeed, the discriminant D, which is an invariant,

satisfies
27D =41° — J2.
Following [4], we define the height H(F) of an integral binary quartic form F(x, y) as
follows,
J2
HEF) = HU,JT) = max{‘l3),z}, 5)

where I = Ir and J = Jp.
We note that if F(x, y) = h has no solution, and G is a proper subform of F, i.e.,

G(x,y) = F(ax + by, cx + dy) (6)

for some integer matrix A = (‘Cl Z) with |detA| > 1, then clearly G(x, y) = h will also have no
integer solutions. We will call a binary form maximal if it is not a proper subform of another
binary form.

Our aim in this paper is to show that many (indeed, a positive proportion) of integral
binary quartic forms are not proper subforms, locally represent / at every place, but globally
do not represent /. The following is our main result.

THEOREM 1-1. Let h be any nonzero integer. When maximal integral binary quartic
forms F(x,y) € Z|x,y] are ordered by their height H(l,J), a positive proportion of the
GLy(Z)-classes of these forms F have the following properties:

(i) they locally everywhere represent h (i.e., F(x,y) = h has a solution in R* and in Zg
for all p); and

(ii) they globally do not represent h (i.e., F(x,y) = h has no solution in 7).

In other words, we show that a positive proportion of quartic Thue equations F(x,y) =h
fail the integral Hasse principle, when classes of integral binary quartic forms F are ordered
by the height H(I, J) defined in (5). We will construct a family of quartic forms that do not
represent a given integer 4 and obtain a lower bound pu > O for the density of such forms.
The value for p is expressed explicitly in (39). Moreover, our method yields an explicit
construction of this positive density of forms. It is conjectured that, for any n > 3, a density
of 100% of integral binary forms of degree n that locally represent a fixed integer # do not
globally represent 4. The positive lower bound w in (39) is much smaller than the conjectured
density 1.
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In joint work with Manjul Bhargava [2], we proved a result similar to Theorem 1-1. In
[2] we consider integral binary forms of any given degree ordered by nalve height (the max-
imum of absolute values of their coefficients). Theorem 1-1 is new, as we use a different
ordering of integral binary quartic forms, which is more interesting for at least two rea-
sons; here integral binary quartic forms are ordered by two quantities / and J, as opposed
to five coefficients, and I and J, unlike the coefficients, are GL,(Z)-invariant. In [2], for any
fixed integer s, we showed that a positive proportion of binary forms of degree n> 3 do
not represent 4, when binary n-ic forms are ordered by their naive heights. Moreover, for
n =3, we established the same conclusion when cubic forms are ordered by their absolute
discriminants. The Davenport—Heilbronn Theorem, which states that the number of equiv-
alence classes of irreducible binary cubic forms per discriminant is a constant on average,
was an essential part of our argument in [2] for cubic forms. More importantly we made
crucial use of the asymptotic counts given by the Davenport—Heilbronn Theorem for the
number of equivalent integral cubic forms with bounded absolute discriminant (see the orig-
inal work in [2,7] for application and further references). Such results are not available for
binary forms of degree larger than 3. For quartic forms, fortunately we are empowered by
beautiful results due to Bhargava and Shankar that give asymptotic formulas for the number
of GL;(Z)-equivalence classes of irreducible integral binary quartic forms having bounded
invariants. These results will be discussed in Section 3.

This paper is organised as follows. In Section 2 we discuss some upper bounds for
the number of primitive solutions of quartic Thue equations. Section 3 contains important
results, all cited from [4], about the height H(, J). In Sections 4 and 5 we impose condi-
tions on the splitting behavior of the forms used in our construction modulo different primes
to make sure we produce a large enough number of forms (which in fact form a subset
of integral quartic forms with positive density) that do not represent s, without any local
obstruction. In Section 6, we summarise the assumptions made in Sections 4 and 5, and
apply essential results cited in Sections 2 and 3 to conclude that the quartic forms that we
construct form a subset of integral binary quartic forms with positive density.

2. Primitive solutions of thue equations

Let F(x,y) € Z|x,y] and m € Z. A pair (xg, yo) € Z? is called a primitive solution to the
Thue equation F(x,y)=m if F(xg,yo) =m and gcd (xg, yo) = 1. We will use the follow-
ing result from [1] to obtain upper bounds for the number of primitive solutions of Thue
equations.

PROPOSITION 2-1. ([1, theorem 1-1.]) Let F(x, y) € Z[x, y] be an irreducible binary form of
degree 4 and discriminant D. Let m be an integer with

¢
0 <m < &
T (3.5)24%

where 0 < € < 1/6. Then the equation |F(x,y)| = m has at most

36 + 4
3¢

primitive solutions. In addition to the above assumptions, if we assume that the polynomial
F(X, 1) has 21 non-real roots, with % € {0, 1, 2}, then the number of primitive solutions does
not exceed
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—1i

4
36 — 161+

If the integral binary forms F; and F; are equivalent, as defined in the introduction, then
there exists A € GL,(Z) such that

Fa(x,y) = Fi(x,y) or Fa(x,y) = —F}(x,y).

Therefore, Dr, = DF,, and for every fixed integer 4, the number of primitive solutions to
F1(x,y) = £h equals the number of primitive solutions to F;(x, y) = %h.

The invariants Ir and Jf of an integral quartic form F that are defined in (3) and (4) have
weights 4 and 6, respectively. This means

Ipa = (detA)*Ip, )
and
Jpa = (detA)SJ . (8)
Consequently, by definition of the height  in (5), we have
H(F") = (detd) *H(F), ©)
and

H(— F*) = (detAd) > H(F).

3. On the Bhargava—Shankar height H(I,J)

In [4] Bhargava and Shankar introduce the height H(F) (see (5) for definition) for any
integral binary quartic form F. In this section we present some of the asymptotical results in
[4], which will be used in our proofs. Indeed these asymptotic formulations are the reason
that we are able to order quartic forms with respect to their / and J invariants.

One may ask which integer pairs (/, J) can actually occur as the invariants of an integral
binary quartic form. The following result of Bhargava and Shankar provides a complete
answer to this question.

THEOREM 3-1. ([4, theorem 1-7.]) A pair (I,J) € Z X Z occurs as the invariants of
an integral binary quartic form if and only if it satisfies one of the following congruence
conditions:

(a) I=0 (mod 3) and J=0 (mod 27),
(b) I=1 (mod 9) and J==+2 (mod 27),
(¢) I=4 (mod 9) and J==+£16 (mod 27),
(d) I=7 (mod 9) and J=+7 (mod 27).

Let Vg denote the vector space of binary quartic forms over the real numbers R. The
group GL,(R) naturally acts on V. The action of GL,(Z) on VR preserves the lattice V7
consisting of the 1ntegral elements of Vg. The elements of V7 are the forms that we are
interested in. Let V ) denote the set of elements in Vz having nonzero discriminant and i
pairs of complex conjugate roots and 4 — 21 real roots.
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For any GLj(Z)-invariant set S C Vz, let N(S;X) denote the number of GL(Z)-
equivalence classes of irreducible elements f € S satisfying H(f) < X.

For any set S in V7 that is definable by congruence conditions, following [4], we denote by
up(S) the p-adic density of the p-adic closure of S in Vz,, where we normalize the additive

measure (4, on Vz, so that Mp(VZp) = 1. The following is a combination of [4, theorems
2-11 and 2.21].

THEOREM 3-2. (Bhargava-Shankar) Suppose S is a subset of Vz, defined by congru-
ence conditions modulo finitely many prime powers, or even a suitable infinite set of prime
powers. Then we have

NS NV X) ~ NV ) T 1), (10)
p

The statement of Theorem 3-2 for finite number of congruence conditions follows directly
from [4, theorem 2-11]. In [4, subsection 2-7], some congruence conditions are specified that
are suitable for inclusion of infinitely many primes in the statement of Theorem 3-2 (see [4,
theorem 2-21]).

A function ¢ : Vz — [0, 1] is said to be defined by congruence conditions if, for all primes
p. there exist functions ¢, : Vz, — [0, 1] satisfying the following conditions:

(i) for all F € Vz, the product ]_[p ¢p(F) converges to ¢(F);

(ii) for each prime p, the function ¢, is locally constant outside some closed set S, C Vz,
of measure zero. Such a function ¢ is called acceptable if, for sufficiently large primes
p, we have ¢,(F) = 1 whenever P> Dr.

For our purpose, particularly in order to impose congruence conditions modulo the
infinitely many primes that are discussed in Subsection 5-2, we define the acceptable func-
tion ¢ : V7 — {0, 1} to be the characteristic function of a certain subset of integral binary
quartic forms. More specifically, for p <49, we define ¢, to be the constant function 1.
For p > 49, we define ¢, : V7, — {0, 1} to be the characteristic function of the set of integral
binary quartic forms that are not factored as c,M,(x, y)2 modulo p, with ¢, € F, and M, (x, y)
any quadratic form over [F;,. Then

¢(F) =[] ep(F (11
p

is the characteristic function of the set of integral binary quartic forms that are not factored as
cpMp(x, y)? over I, for any p > 49. We denote by A(p) the p-adic density /, Fevy ¢p(F)dF.
The value of A(p) will be computed in (36). It turns out that in Theorem 1-1, tfle positive
proportion of integral binary quartic forms that do not represent / is bounded below by

p=rm o),
p

where p ranges over all primes and « (%) is a constant that only depends on 4 and can be
explicitly determined from (39) in Section 6.

Later in our proofs, in order to construct many inequivalent quartic forms, it will be impor-
tant to work with quartic forms that have no non-trivial stabiliser in GL,(Z). We note that
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the stabiliser in GLy(Z) of an element in Vi always contains the identity matrix and its
negative, and has size at least 2. We will appeal to another important result due to Bhargava
and Shankar, which bounds the number of GL;(Z)-equivalence classes of integral binary
quartic forms having large stabilisers inside GLy(Z).

PROPOSITION 3-3. ([4, lemma 2-4.]) The number of GLy(Z)-orbits of integral binary quar-
tic forms F € Vg such that Dp #0 and H(F) <X whose stabiliser in GL2(Q) has size
greater than 2 is O(X3/4%€),

4. Quartic forms splitting modulo a prime

Definition We define the subset V'z of integral binary quartic forms V7 to be those forms
F that have trivial stabiliser (of size 2).

By Proposition 3-3, V7 is a dense subset of equivalence classes of quartic forms and
selecting our forms from V’z will not alter the p-adic densities that we will present later.
From now on we will work only with classes of forms in V'y.

Definition Assume that F(x, y) is an irreducible quartic form. We say that F(x, y) splits
completely modulo a prime number p, if either

F(x,y) = mo(x — b1y)(x — bay)(x — b3y)(x — bsy) (mod p), (12)
or
F(x, y) = moy(x — bay)(x — b3y)(x — bay) (mod p), (13)
where mg # 0 (mod p), and by, by, b3, b4 are distinct integers modulo p, and further
by, b3,bs #£0 (mod p). (14)

In case (12), we call by, by, b3, and by the simple roots of the binary form F(x, y) modulo p.
In case (13), we call oo, b>, b3, and b4 the simple roots of the binary form F(x, y) modulo p.

Let p>5 be a prime. The p-adic density of binary quartic forms that split completely
modulo p is given by

—D(p—2)(p—-3 —D(p—2)(p—-3
(p—l)(l’@ o 2(0=3) | @=DE2 ))

1y = (15)
14 p5

- D*@+Hp—2)(p-3)
41 p3

bl

where in the first identity in (15), the summand p(p — 1)(p — 2)(p — 3)/4! in the numerator
counts the corresponding forms in (12) and the summand (p — 1)(p — 2)(p — 3)/3! counts the
corresponding forms in (13). Clearly the factor p — 1 in the numerator counts the number
of possibilities for my modulo p and the denominator p° counts all quartic forms with all
choices for their five coefficients modulo p.
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Now assume F(x, y) is an irreducible integral quartic form that splits completely modulo
p-Forje{l,2,3,4}, we define

Fp,(x,y) := F(px+ bjy, y), (16)

and additionally in case (13),

Foo(x,y) := F(py, x). a7

We claim that the four forms Fp,(x,y) (or Foo(X,¥)), Fp,(x,¥), Fp,(x,y) and Fp,(x,y)
are pairwise inequivalent. Indeed, any transformation B € GL2(Q) taking, say Fj,(x,y) to
Fp,(x, y) must be of the form B = (ﬁ bf )7114(16 ﬁf ) where A € GL,(Q) stabilises F(x,y). Since
we assumed F € V', the 2 x 2 matrix A must be the identity matrix or its negative, and so
B= i(ﬁ I;i )_1 (g blf )- But B ¢ GLa(Z), as p 1 (b; — b;). Therefore, for i # j, the quartic forms
Fp,(x,y) and Fp,(x, y) are not GL,(Z)-equivalent.

Similarly in case (13), any transformation B € GL2(Q) taking Feo(x, ) to Fp,(x, y) must

be of the form B = (?g)flA(g lif ), where A € GL(Q) stabilises F(x,y). This change-of-

variable matrix does not belong to GL3(Z), unless b =0 (mod p). Therefore, Fuo(x,y),
Fp,(x,y), Fpy(x,y), and Fp,(x,y) are pairwise inequivalent, as long as none of b, b3 and
b4 are a multiple of p (this motivated the extra assumption (14) in our definition). Starting
with a form F that belongs to V'7 and splits completely modulo p, we can construct 4 integral
quartic forms that are pairwise inequivalent.

Let F(x,y) = aox* + a1x3y + a2x2y2 + a3xy3 + a4y4 € Z[x,y], with content 1 (i.e., the
integers ag, a1, az, a3, a4 have no common prime divisor). If F(x, y) satisfies (13) then

Foo(x,y)i= %”) € ZIx, yl, (18)

where Fo(x, y) is defined in (17). Suppose that
F(b,1)=0 (mod p), with b€ Z. (19)
By (16),
Fy(x,y) = F(px + by, y) = eox* + e1x°y 4 eax®y* + eaxy’ + es)*,

with

4-j .
ey =p' ) aib*™ (4; ’) : (20)
i=0

forj=0,1,2,3,4.If j > 1, clearly e4_; is divisible by p. Since e4 = F(b, 1), by (19), e4 is
also divisible by p. Therefore,

Fp(x, y)

F},(x,y) = € Z[x,y]. (21

Since e3 = pf’(b), where f’(X) denotes the derivative of polynomial f(X) = F(X, 1), if bis a
simple root modulo p then f'(b) # 0 (mod p) and

Fy(x,y) =y L(x,y) (mod p), (22)

where L(x,y) = l1x + by is a linear form modulo p, with [} #£ 0 (mod p).
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We also note that H(F}), defined in (5), as well as the invariants of the form F}, can be
expressed in terms of invariants of the form F, as F, is obtained under the action of a 2 x 2

matrix of determinant +p on F. By (7), (8) and (9), we have

Dp, = p"*Dp,
Ip, = pr,
Jr, = p%Jr,

H (Fp) = H (IF,, Jr,) = p"*H(F).

1

After multiplication of the form Fj,(x, y) by p~", we therefore have

Dp, = p°Dr,
Iz, = P*Ir,
Jp, = pJr.

H(Fy) =H (Ig, I5, ) =p"HP).
Now let us consider the quartic Thue equation

F(x,y)=m,

(23)

where m = ppyp3h, and p1, p2, and p3 are three distinct primes greater than 4, and
ged (h, pr) =1, for k € {1, 2, 3}. We will further assume that the quartic form F(x, y) splits
completely modulo p1, p2, and p3. In Lemma 4-3, we will construct 64 integral binary quar-
tic forms Gj(x,y), for 1 <j < 43, and will make a one-to-one correspondence between the
set of primitive solutions of F(x,y) =m and the union of the sets of primitive solutions of

Gi(x,y)=h,for1 <j < 43. First we need two auxiliary lemmas.

LEMMA 4-1. Let F(x,y) € Z|x, y] be a binary quartic form that splits completely modulo
p and m = pm, with p{m|. The primitive solutions of the Thue equation F(x,y)=m are
in one-to-one correspondence with the union of the sets of primitive solutions to four Thue

equations
Fi(x,y)=my,

where Fi(x, y) are defined in (18) and (21), andi= 1,2, 3, 4.

Proof. Assume that (xg, yo) € 72 is a solution to F(x, y)=m=pmy.If

F(x,y) =mo(x — b1y)(x — bay)(x — b3y)(x — bsy) (mod p),

then since p|F(xg, yo), we have

pl(xo — biyo)

for some i € {1, 2, 3, 4}. The value of i is uniquely determined by the solution (x, yo), as b;’s

are distinct modulo p. Therefore,

xo =p1Xo + biyo,
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for some X € Z, and (Xp, yo) is a solution to
- 1 m
Fi(x,y) = —F(px+ biy,y) =mi = —. (25)
p p
Conversely, assume for a fixed i € {1, 2, 3, 4} that (Xg, yg) € Z? is a solution to
- 1 m
Fi(x,y) = —F(px+ biy,y) =mj = —.
p p

First we observe that p { yo. Because otherwise p divides pXo + b;yo and pHim /p, which is
a contradiction. Now by construction of the form Fj(x, y), we clearly have (xg, yg), with

xo = pXo + biyo,

satisfies the equation F(x, y) = m. Further, if (Xo, yo) is a primitive solution of Fi(x, y)=m/p,
since p 1 yo, we have ged (xo, yo) = 1.
Assume that

F(x,y) = moy(x — bay)(x — b3y)(x — bsy) (mod p).
The pair (xo, yo) € Z> with p{ yp is a primitive solution of
F(x,y)=pmy,

if and only if p | (xg — b2yo)(x0 — b3y0)(x0 — bayg). In this case, for a unique i € {2, 3, 4}, we
have (24), and (Xo, yp) is a primitive solution to the Thue equation (25). Similarly, the pair
(x1,y1) € Z? with p | y; is a primitive solution of

F(x,y) = pmy,
if and only if (Y1, x1), with Y1 =y /p, is a primitive solution to
Foolry)=".
p
LEMMA 4-2. If F(x, y) splits completely modulo pi and p», then Fy(x,y) will also split
completely modulo p;, for any simple root b (possibly o) of F(x, y) modulo p.
Proof. 1If
F(x,y) = mo(x — b1y)(x — bay)(x — b3y)(x — b4y) (mod p1)
and
F(x,y)=mo(x — c1y)(x — coy)(x — c3y)(x —cay)  (mod pa), (26)
then for any b € {b1, b2, b3, bs}, we have
Fp(x, y) =m"o(x — ¢1y)x = cay)x = 3y)(x = c'ay)  (mod pa),
where
c'i=picj+b.
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The integers ¢y, ¢’2, ¢3, ¢4 are indeed distinct modulo p, as cy, ¢2, ¢3, ¢4 are so and py is
invertible modulo p». We conclude that the quartic form F(x, y) splits completely modulo
P2, as well.

If

F(x,y) =moy(x — bay)(x — b3y)(x — bsy) (mod py)
and (26) holds, then
Foolx,y) =m"o(x — /19)(x — ¢'29)(x — /39)(x — ¢'4Y) (mod p»),

with ¢/; = ci_1 modulo p,, where 0 and oo are considered to be the inverse of each other
modulo p;. Namely, if ¢; = 0 modulo p;, we get

Foolx,y) =m"gy(x — c2y)(x — ¢'3y)(x — /ay)  (mod py).

If
F(x,y) = moy(x — bay)(x — b3y)(x — bay) (mod p1)

and
F(x,y)=m'oy(x — c2y)(x — c39)(x — c4y) (mod p»),

then

Foo(x,y) =mogx(x — ¢/2y)(x — ¢'3)(x — ¢'4y) (mod p»),

with ¢/; = c; ! modulo p2. Therefore, if F(x, y) splits completely modulo p; and p;, then
Fp(x, y) will also split completely modulo p;, for any simple root b of F(x, y) modulo p;.

LEMMA 4-3. Let h be an integer, and p1, pa, and p3 be three distinct primes greater than
4 that do not divide h. Let F(x,y) € Z[x,y] be a binary quartic form that splits completely
modulo primes p1, pa, and p3. Then there are 64 binary quartic forms Gi(x,y) € Z[x, y],
with 1 <i <64, such that every primitive solution (xi, y;) of the equation F(x,y) = hp1p2p3
corresponds uniquely to a triple (j, x;j, yi ), with

Jell,2,...,64}, xij,yi €Z, ged(xj,yi) =1,

and
Gi(x1j, yij) = h.
Furthermore,
H (G}) = (p1pap3)® H(F),
forj=1,...,64.

Proof. Let m = p1pop3h. By Lemma 4-1, we may reduce the Thue equation F(x,y) =m
modulo p; to obtain 4 quartic Thue equations
~ m
Fi(x’ )’) = > (27)
P1
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with i=1,2, 3,4, such that every primitive solution of F(x, y) = h p1p2p3 = m corresponds
uniquely to a primitive solution of exactly one of the equations in (27).

By Lemma 4-2, every binary quartic form F;(x, y) in (27) splits completely modulo p,.
Applying Lemma 4-1 modulo p; to each equation in (27), we construct 4 binary quartic
forms. Therefore, we obtain 4% Thue equations

~ m
Fi,k(-x’ )’) = > (28)
pip2

with i, k=1, 2, 3,4, such that every primitive solution F(x,y) = h p1pap3 = m corresponds
uniquely to a primitive solution of exactly one of the equations in (28). By (23),

H (Fix) = (p1p2)° H(F). (29)

By Lemma 4-2, each form F ik(x,y) splits modulo p3. We may apply Lemma 4-1 once
again to each equation in (28). This way we obtain 4° equations

m
Gjx.y) = =h. (30)
p1p2p3

The construction of these equations ensures a one-to-one correspondence between the prim-
itive solutions of the equation F(x, y) = m and the union of the sets of the primitive solutions
of Thue equations in (30).

By (23) and (29),

H (Gj) = (p1p2p3)° H(F), (31

forj=1,...,64.

We note that if F(x, y) is irreducible over Q, its associated forms Gj(x, y), which are con-
structed in the proof of Lemma 4-3, will also be irreducible over Q as all of the matrix actions
are rational. Furthermore, the forms Gj(x, y) are not constructed as proper subforms of the
binary quartic form F(x, y). Indeed, they are maximal over Zj, for all p ¢ {p1, p2, p3} (being
equivalent, up to a unit constant, to F(x,y) over Z, in that case), while for p € {p1, p2, p3},
we have p{ Dr, implying p°| |Dg;, and so Gj(x, y) cannot be a subform over Z, of any form
by equation (2) (see the definition of a subform in (6)).

We remark that the reduction of Thue equations F(x, y) = m modulo prime divisors of m
is a classical approach, and some sophisticated applications of it to bound the number of
solutions of Thue equations can be found in [6,10].

5. Avoiding local obstructions

In the previous section, we constructed 43 binary quartic forms Gj(x,y) and established
Lemma 4-3, which corresponds each primitive solution of F(x, y) = hp1pap3 to a primitive
solution of one of the equations Gj(x,y) =h, for 1 <j < 43, Using Proposition 2-1, we will
obtain a small upper bound for the number of integral solutions to the equation F(x, y) = m =
p1p2p3h, which will lead us to conclude that some of the newly constructed Thue equations
G;(x, y) = h cannot have any solutions.

In this section we will work with a proper subset of the set of all quartic forms to construct
forms such that the associated Thue equations have no local obstructions to solubility. We
will impose some extra congruence conditions in our choice of forms F(x, y), resulting in
construction of 4> forms G;(x, y) that locally represent 4. For each prime p, we will make
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some congruence assumptions modulo p and present p-adic densities for the subset of quartic
forms that satisfy our assumptions to demonstrate that we will be left with a subset of V7
with positive density.

Before we divide up our discussion modulo different primes, we note that by (6), if a form
is non-maximal, then either it is not primitive, or after an SL,(Z)-transformation it is of the
form aox4 + a1x3y + az)czy2 + a3xy3 + a4y4, where pi |ai,i=0,1,2,3,4, for some prime p.
In particular, integral binary quartic forms that are non-maximal must factor modulo some
prime p as a constant times the forth power of a linear form. It turns out that all integral
binary quartic forms that are discussed in this section are indeed maximal.

5.1 Quartic forms modulo 2.

To ensure that a quartic Thue equation F(x, y) = & has a solution in Z,, it is sufficient to
assume that

F(x,y) = Li(x,y)La(x,y)’ (mod 2%,

where L1(x,y) and Ly(x,y) are linearly independent linear forms modulo 2. The system of
two linear equations

Li(x,y)=h (mod 2*)
Ly(x,y)=1 (mod2%),

has a solution and therefore, by Hensel’s Lemma, F(x, y) = h is soluble in Z,.
The 2-adic density of quartic forms F(x, y) such that F(x,y) = Li(x, y)Lo(x, y)3 modulo
2%is
6 3 1
2516 G2
where the linear forms L and L; can be chosen from the three linear forms x, y, or x + y.

It is indeed necessary to consider integral quartic forms modulo 16, as a 2-adic unit u
belongs to Q‘Q‘ if and only if # =1 modulo 16Z,. More specifically, assume that (xo : yo : o)
is a Z,-point on the projective curve C:hz* = F(x,y) and u =z3, with zg a unit in Z,.
Therefore, zo = 1 + 2¢ for some ¢ € Z» and

B=0+20"=14+81GBr+ 1) =1 (mod 16).

5.2 Quartic forms modulo large primes.

Let us consider the curve C : hz* = F(x, y) of genus g = 3 over the finite field F, of order
q. By the Leep-Yeomans generalization of Hasse-Weil bound in [9], the number of points N
on the curve C satisfies the inequality

IN—(g+ 1| <2g./q. (33)

Let p be a prime p > 2g + 1)> =49, p & {p1, p2,p3}, pth. Since p+ 1 > 2g/p+1, the
lower bound in (33) is nontrivial, implying that there must be an I),-rational point on the
curve hz* = F(x,y).

If there exists a € Z such that

F(x,y) = (x — ay)A(x, y) (mod p), (34)
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with A(x, y) an integral cubic binary form for which
A(a, 1) #0 (mod p), (35

then by Hensel’s lemma, the smooth [F,-point (xg : yo : z0) = (a : 1 : 0) will lift to a Z,-point
on the curve hz* = F(x, y). Similarly, if

F(x,y) = yA(x,y) (modp),
with A(x, y) an integral cubic binary form for which
A(1,0) #0 (mod p),

the smooth IF,-point (xq : yo : zo) = (1 : 0: 0) will lift to a Z,-point on the curve hz* = F(x, y).

A quartic form over [, that has a triple root must have a simple root, as well. So we
will assume that F(x,y) does not factor as cM(x, y)*> modulo p for any quadratic binary form
M(x,y) and constant ¢ over [,. By definition, these forms are maximal over Z,. It follows
from this assumption on F(x,y) that the curves hz* = F(x, y) are irreducible over IF,, and there
is at least one smooth [F,-rational point on hz* = F(x, ), which lifts to a Z,-point.

We conclude that the integral quartic forms Gj(x, y), constructed as described in Section
4 from such a form F(x, y), all represent / in Z,, for primes p > (2g + 1)? as well.

The p-adic density of binary quartic forms that are primitive and not constant multiples of
the second powers of quadratic binary forms modulo p is

P-—De+Dp @-De+1

1— ,
2p3 P

(36)

where the summand —(p — 1)(p + 1)p/2p> eliminates forms of the shape cM?(x, y) = c(x —
b1y)?(x — bay)? or cM?(x, y) = c(x — b1y)?y* (mod p), and the summand —(p — 1)(p + 1)/p°
eliminates forms of the shape cL(x, y)* (mod p), with L(x, y) a linear form modulo p.

5.3 Quartic forms modulo special odd primes.

For p | h we will assume that

F(x,y)=Li(x,y)L3(x,y)* (mod p),

where Li(x, y) and Ly(x, y) are two linearly independent linear forms modulo p. To find Z,-
points on the curve C: hz* = F(x, y), we consider the equation F(x,y) =0 (mod p). Since
Li(x,y) and Ly (x, y) are linearly independent modulo p, the system of linear equations

Li(x,y)=0 (mod p)
and
Lr(x, y) =0 (mod p)

has exactly one solution. Since L;(x,y) =0 has at least three points over F,, the equation
F(x,y) =0 (mod p) has at least two solutions over [, that provide smooth [F,,-points on
the curve C: hz* = F(x, y) (i.e., all points other than that intersection point of the two lines
defined by L;(x, y) and Ly(x, y)). By Hensel’s Lemma, these smooth points will lift to Z,-
points. Thus the equations F'(x, y) = & and G;(x, y) = h will be locally soluble modulo p.

https://doi.org/10.1017/50305004121000554 Published online by Cambridge University Press


https://doi.org/10.1017/S0305004121000554

14 SHABNAM AKHTARI

Similarly, for every odd prime p & {p1, p2, p3}, with p <49 and p t h (these are the primes
not considered in Subsection 5-2), we will assume that

F(x,y)=Li(x,y)La(x,y)* (mod p),

where Li(x,y) and Lp(x,y) are linear forms that are linearly independent modulo p. This
condition implies that F(x, y) = h (mod p) has solutions in integers, for L;(x, y) and Ly (x, y)
are linearly independent and therefore we can find xg, yo € Z satisfying the following system
of linear equations:

Li(x0, yo) = h (mod p)

and

L (x0,y0) = 1 (mod p).

The smooth F,-point (xo : yg : 1) lifts to a Z,-point on the curve C: hz* = F(x, y).
The p-adic density of primitive binary quartic forms of the shape

Li(x,y)La(x, y)* (mod p), (37)
where L (x, y) and Ly(x, y) are linearly independent linear forms modulo p and is

p+Dplp—1)

- (38)

The above density is calculated by considering the unique factorization of the form F modulo
p as

mo(x — b1y)(x — bay)*,
with mg non-zero, and b and b; distinct roots (possibly oo) modulo p. Such forms are

maximal over Zj,

6. Completing the proof
Fori=1,2, 3, let p; be the ith prime greater than 4 such that p; { & and set

m=hp1p2p3,

and

P= {PI’PZ’P3}-

For example, if h =1, we will choose p; =5, p» =7, and p3 = 11. Let F(x, y) be a maximal

primitive irreducible integral binary quartic form which has a trivial stabiliser in GL,(Q),

with

3 12

IDp| > (3.5 4% (H m)
i=1

‘We note that the above assumption on the size of the discriminant of quartic forms exclude
only finitely many GL,(Z)-equivalence classes of quartic forms (see [5,8]).
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In order to ensure that 4 is represented by F in R, we assume that the leading coefficient
of F is positive if & is positive and negative otherwise. Assume further that F(x, y) splits
completely modulo the primes p1, p2, p3-

Assume that for every prime p € {p1, p2, p3} =P, with p < 49, we have

F(x,y)=Li(x,y)La(x,y)* (mod p),

where L;(x, y) and Ly(x, y) are linear forms that are linearly independent modulo p.

Finally, assume, for each prime p > 49, that F(x,y) does not factor as cM(x, y)? modulo p
for any quadratic binary form M(x,y) and constant c over [f,,.

By Proposition 2-1, and taking € = 1/12, there are at most

4-1
36— 161 + =52-20i

primitive solutions to the equation

F(x,y)=m=hppap3,

where 2 i is the number of non-real roots of the polynomial F(X, 1).
By Lemma 4-3, each primitive solution (xg, yo) of F(x,y) = m corresponds uniquely to a
solution of Gj(x,y)=h, where 1 <i < 43 is also uniquely determined by (xg, yo). Since

43 524201 =12+20i>12

we conclude that at least 12 of the 64 equations Gj(x, y) = h have no solutions in integers

X, y.
By (31), and Theorems 3-1 and 3-2, we have the following lower bound p for the density
of integral quartic forms that represent 4 locally, but not globally,

H]lew 1 @ 1 w (39)

s
(P1p2p3) peP p=>49,pgP,pth  plhorp<49

where, via (15), (32), (36), (38),

(p—1>2<p+4)(p 2)(p— 3)

o(p)= i
—1 1 —1 1
spy=1 - EZDe+ P @D+ D w0
4 4
and
+1 —1
= CEWD=D
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In (39) all products are over rational primes. For all but finitely many primes p, the density
A(p) in (40) contributes to the product in (39). Since

(p— D+ 1)?
m(-*=35")

P
is a convergent Euler product, the lower bound p is a real number satisfying 0 < pu < 1.
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