THE ADDITION OF BINARY CUBIC FORMS

JORG BRUDERN AND TREVOR D. WoOOLEY!

ABSTRACT. We show that a sum of four non-degenerate binary cubic forms with integral coefficients neces-
sarily possesses a non-trivial rational zero. When each of these binary cubic forms has non-zero discriminant,
we are able to obtain bounds on the number, N (P), of integral zeros of the sum inside a box of size P of the
shape

P57¢ <. N(P) < P°Te.

Finally, given two binary cubic forms with non-zero discriminant, we show that almost all integers, lying in
those congruence classes permitted by local solubility conditions, are represented as the sum of the afore-
mentioned forms.

1. INTRODUCTION

The circle method, originally designed by Hardy and Littlewood for application to Waring’s problem,
has also been wrought profitably in investigations of the solubility of non-diagonal diophantine equa-
tions, with admirable success in the particular case of cubic equations. In recent years Hooley (1988,
1991, 1994) has considered non-singular cubic forms ®, with integer coefficients, in s > 9 variables, and
has shewn that the equation ® = 0 has a non-trivial integer solution (that is, a solution x # 0) if and
only if ® has non-singular zeros in every p-adic field. When s > 10 one knows that non-singular p-adic
solutions always exist, and in such circumstances we may therefore conclude that the variety defined
by the equation ® = 0 must have rational points; this much was established earlier by Heath-Brown
(1983). One can avoid non-singularity conditions if one is prepared to accept more variables. In a
pioneering series of papers, Davenport (1959, 1962, 1963) unconditionally established the existence of
non-trivial rational zeros for all cubic forms in 16 or more variables (see also work of Hooley (1991)
when the singularities are mild). If the form is diagonal, the equation takes the shape

3 3 3
a1x] + agxy + - +asry =0

with integer coefficients a; (1 <1i < s). As a consequece of work of Baker (1989), it is known that the
latter equation possesses non-trivial solutions whenever s > 7.

The question now arises as to whether one can break away from the diagonal situation when the
number of variables does not exceed 8. A first attempt was made by Chowla and Davenport (1961)
over three decades ago. They considered binary cubic forms ®; € Z[z,y| (j = 1,2,3) with non-zero
discriminant, and showed the existence of a non-trivial solution of the diophantine equation

@1 (z1,1y1) + Polw2, y2) + ®3(z3,y3) + axi + by =0,

where a,b € Z. Their method, however, makes crucial use of the presence of the two isolated variables,
x4 and y4 (see Lemma 6 of Chowla and Davenport (1961)), and does not extend to handle the situation
in which the diagonal form ax3 + by; is replaced by a general non-singular binary cubic form. Our
primary objective in this paper is to present a method which on the one hand deals with the addition of
four binary cubic forms in full generality, and on the other hand permits more control to be exercised
on the number of solutions.
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4) be binary cubic forms with integer coefficients and non-zero

Theorem 1. Let ®; € Z[z,y] (1 <j <
; ®) denote the number of solutions of the diophantine equation

discriminants. Let N'(P) = N (

Py (21, y1) + P2(22, y2) + P3(2s, y3) + Pa(wa,y4) =0, (1.1)
subject to |zj| < P and |y;| < P (1 <i<4). Then for each ¢ > 0 one has

P <. N(P;®) <. 5 P°T=.

If @ is a binary cubic form with integer coefficients and zero discriminant, then ® may be transformed
by a rational change of variables to one or other of u and uv?. An equation of the type (1.1), in which
one or more of the ®; has zero discriminant, is therefore immediately soluble non-trivially.

As experts in the field will immediately recognise, one should expect a cognate result on the addition
of two binary cubic forms.

Theorem 2. Let ®; € Z[x,y] (j = 1,2) be binary cubic forms with non-zero discriminant. Let W
denote the set of all positive integers, n, for which the congruence

CI)l(xl,yl) + @2(1‘2,?/2) =N (mod q) (12)

has a solution for all ¢ € N. Then the set W has positive density, and the number E(N) of all natural
numbers n € W not exceeding N, for which the diophantine equation

O (x1,y1) + Po(z2,y2) =1 (1.3)

has no solution, satisfies E(N) < N209/210+¢,

The conclusion of Theorem 2 should be compared with a similar result in Chowla and Davenport
(1961) (see the discussion following the statement of Theorem 2), where again one of the forms &, ®,
is required to be diagonal. We remark that although Chowla and Davenport do not discuss an explicit
estimate for E(NN), an inspection of their argument will reveal that the limit of their method would
yield E(N) <« N?%/30+¢ The strength of our estimate for E(N) could certainly be improved with
greater effort; the interested reader will find the salient details in §§3 and 4.

Our approach to Theorem 1 is based on an application of the circle method, and may be described
as an amalgam of the work of Chowla and Davenport (1961) and techniques recently developed in the
theory of Waring’s problem. It seems inappropriate to comment on all of the ingredients at the present
stage, and we postpone a more detailed discussion to §§5 and 6 below. We begin in §2 by recalling
the basic exponential sum estimates for binary cubic forms from Chowla and Davenport (1961), and
elaborate on these ideas in the context of the difference polynomials which arise from our methods. In §3
we study exponential sums corresponding to the binary cubic forms in mean square on suitable “major
arcs”. Our ideas here are motivated by a strategy adopted by Hooley (1986). Next, in §4, we derive the
upper bound provided in Theorem 1. The latter turns out to be a very straightforward consequence of
a suitable Weyl-type bound for exponential sums. It transpires that such bounds fail, by a factor P<,
to establish the lower bound stated in Theorem 1. In such circumstances, one can hope to prove the
desired lower bound by making use of an efficient differencing process restricted to the minor arcs of the
Hardy-Littlewood dissection, a process which has been successfully applied, for example by Vaughan
(1986, 1989) and Vaughan and Wooley (1991, 1994), in the context of Waring’s problem. We adapt
this idea to handle binary cubic forms in §5. Although differencing a polynomial in two variables is less
efficient than the corresponding operation for a single variable, this “inefficient” differencing process is
nonetheless sufficient for our purposes. In order to complete our estimation of the contribution from
the minor arcs, we develop an important pruning process, this making use of estimates from §3. The
proof of Theorem 1 is concluded in §6 with the evaluation of the major arc contribution. Finally, in §7,
we provide an outline of the proof of Theorem 2.

An alternative strategy to establish the non-trivial solubility of the diophantine equation (1.1) may
be found in work of Lewis (1957a). One observes that a binary cubic form, having integer coefficients
and non-zero discriminant, is equivalent under a linear transformation over a quadratic field extension
of Q to a diagonal form with coefficients in the latter field extension. Consequently, the equation (1.1)
is equivalent to a diagonal equation defined over a field K which arises from a succession of quadratic
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extensions of Q. Modern versions of the circle method applicable to algebraic number fields should
be of power sufficient to establish the solubility of a diagonal equation in eight variables, although
the required conclusion appears presently to be absent from the literature. Given the existence of a
non-trivial solution in K, one may use a method described by Lewis (1957a) to pull back, through the
tower of quadratic extensions, to a non-trivial rational solution satisfying (1.1). This proposed strategy
would fail, of course, to establish the fairly precise information concerning the size of N'(P) provided
by Theorem 1.

Throughout this paper, implicit constants occurring in Vinogradov’s notation < and > will depend
at most on the coefficients of the implicit binary forms, a small positive number e, and quantities
occurring as subscripts to the latter notations, unless otherwise indicated. When z € R we write ||z||
for minyez |z — y|. We write p*||n when pf|n and p**! t n. Also, we use vector notation for brevity.
Thus, for example, (@1, ..., ®,) will be abbreviated simply to ®. In an effort to simplify our exposition,
we adopt the convention that whenever € appears in a statement, we are implicitly asserting that the
statement holds for each ¢ > 0. Note that the “value” of € may consequently change from statement to
statement.

2. EXPONENTIAL SUMS INVOLVING BINARY CUBIC FORMS

We pave the way for the technical aspects of our argument, described in §§5-7, by recording in this
section a number of estimates for exponential sums over binary cubic forms. We denote by ® = ®(z,y)
the binary cubic form

®(x,y) = az® + bx’y + cxy® + dy?, (2.1)

in which a, b, ¢ and d are fixed integers. We suppose that the discriminant of ®, defined by
D = 18abed + b2c? — 4(ac® + db®) — 27a2d?, (2.2)
is non-zero.

Lemma 2.1. Let ¢(x,y) be any polynomial with real coefficients of degree at most 2. Let « be a real
number, and suppose that there exist r € Z and q € N with (r,q) = 1 and |a —r/q| < q¢~2. Then for
each positive number €,

Z Z (a®(z,y) + d(z,y)) < P> (¢7'+ P7" + qP_g)l/Q. (2.3)
1<e<P1<y<P

Here, the implicit constant depends at most on ® and ¢, but not on ¢. Further, if 1 < g < P and
lqo — 7| < P72, then

Yo Y elad(,y) + dlay) < PP (g + PPlga —rl) "7 (2.4)

1<z<P1<y<P

Proof. The inequality (2.3) is immediate from Theorem 1 of Chowla and Davenport (1961), and the
associated conclusion (2.4) is readily derived from (2.3) via a standard argument (see, for example,
Davenport and Heilbronn (1937), or Exercise 2 of Chapter 2 of Vaughan (1997)).

The observant reader will have noticed that the estimates provided by Lemma 2.1 are of the same
quality as those stemming from the classical inequality of Weyl for the special case in which ® is
diagonal.

We next derive a variant of Lemma 2.1 relating to the difference polynomial stemming from &,
defined for each natural number m by

U, (z,y;hy k) =m™ (®(z 4+ hm,y + km) — (2,7)) . (2.5)

Note that ¥,, has integral coefficients, and is quadratic in x and y. Let P be a large real number, and
let H be a real number with 1 < H < Pm~!. For each h and k with |h|, |k| < H, let I(h) and J(k) be
subintervals of [— P, P]. Define next the exponential sum F,,(«) = F,,(«a;1,J) associated with ¥,,, by

Fr(a) = Z Z e(a¥,,(z,y; h, k)). (2.6)

0<|h|,|k|<H zel(h)
(h,k)#(0,0) yeJ(k)
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Lemma 2.2. Suppose that —3D is not a square. Let o be a real number, and suppose that there exist
r €7 and ¢ € N with (r,q) =1 and | — r/q| < q=2. Then, uniformly in I and J, for each positive
number € one has

Fp(;LY) < PP H? (7' + P~ '+ q(HP?)™). (2.7)

When 1 < q < P and |qa — r| < (HP)™1, moreover, one has

F(o;1,3) < PP H? (q+ HP?|ga —r|) . (2.8)

Proof. We follow the path laid down by Chowla and Davenport (1961). By applying Cauchy’s inequality
to (2.6), one obtains

|Fn () < H? Z Z Z e(a(Wm(z1,y15h, k) — Uin(22, Y25 h, k))) -
0<|h|,|k|<H z1€I(h) z2€1(h)
(h,k)#(0,0) y1€J(k) y2€J (k)

Thus, on isolating the diagonal contribution, a modest calculation reveals that

(o) > < H2(P? + ), (2.9
where
=Y > min{P,|2aB:| "} min {P, 208}, (2.10)
0<|hl,|k|<H 0<|ul,|v|<2P
(h,k)#(0,0)  (u,v)#(0,0)
with
By = Bi(u,v; h, k) = 3ahu + b(ku + hv) + ckv,
and

By = By(u,v; h, k) = bhu + c(ku 4+ hv) 4 3dkv.
When m; and my are integers, let B(m1, m2) denote the number of solutions of the system of equations
Bi(u,v;h, k) =m; (i=1,2),
with |h|,|k| < H and |u|,|v] < 2P, and subject to the conditions (h,k) # (0,0) and (u,v) # (0,0).
Then by Lemma 2 of Chowla and Davenport (1961), one has B(m1, mq) < (HP)¢, whence by (2.10),
YT < (HP)® ) > min{P,||2am; |~} min {P, || 2am,| '},
1<mi1<kHP 1<ms<kHP

where here we write k = 12max{|al, |b|, |c|, |d|}. On applying a standard estimate for such reciprocal
sums (see, for example, Lemma 2.2 of Vaughan (1997)), and recalling (2.9), we deduce that

|Fon(@)|? < P*H? + H2(log(2PHq))* (PH + q + P2Hg ')*,
and the upper bound (2.7) follows immediately. The estimate (2.8) follows from the latter bound by
means of the same standard argument cited in the proof of Lemma 2.1 above.
When B C R? is a rectangle with sides parallel to the axes, define f(a) = f(a; P) by
flasP)y=" > e(a®(z.y)). (2.11)

(z,y)ePB

We require an approximation to f(«) of use on the major arcs in a Hardy-Littlewood dissection, and
this will entail investigating the complete exponential sum

S(q,r) = iZe (2@@,@/)) : (2.12)

r=1y=1

and, when D is a convex subset of R?, the exponential integral

o(8:D) = / /D e(BO(E, n))dedn. (2.13)
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Lemma 2.3. Let B C R? be a box, and let & be a positive number. Suppose that o is a real number,
and that r € Z and q € N satisfy (r,q) =1, ¢ < P70 and |ga — r| < P7279. Then

fla; P) — q72S(q, 7)v(B; PB) < P*¢'/2,

Proof. This is immediate from Lemmata 10 and 11 of Chowla and Davenport (1961).

In our subsequent investigations concerning the contribution of the major arcs in the Hardy-Littlewood
dissection, we will require estimates for the generating functions defined in (2.12) and (2.13). In this
context, we note that Chowla and Davenport (1961) estimated S(g,r) through an appeal to Lemma
2.1 (Theorem 1 of their paper), this yielding the simple bound S(q,r) = O(¢*/?*¢). Such a manoeuvre
enables the latter authors to avoid a detailed study of S(q,r), but is possible only because of the pres-
ence of a diagonal form. We therefore continue with a more careful examination of the aforementioned
generating functions.

As is familiar with complete exponential sums of arithmetic type, the sum S(g,r) has a quasi-
multiplicative property. Thus, whenever (q1¢2,7) = (¢1,92) = 1, one has

S(q1q2,7) = S(q1,743)S (g2, 743), (2.14)
and so it suffices to estimate S(g,r) when ¢ is a prime power.
Lemma 2.4. When r € Z and p is a prime number with (3Dr,p) = 1, one has |S(p,7)| < 9p.

Proof. Our strategy is to reduce S(p,r) to the one-dimensional sum

T(p,b) =Y e(ba®/p).

=1

When (z,p) = 1, write T for the multiplicative inverse of  modulo p, and note that ®(z,y) = 23®(1, yT)
(mod p). Then on isolating the contribution from the terms with x = p, and substituting z = y= for
the remaining terms, one obtains

p
S(p,r) =Y T(p,r®(1,2)) + E,, (2.15)
z=1
where |E,| < 2p.
Suppose first that p = 2 (mod 3). Then T'(p,b) is zero unless p|b, in which case T(p,b) = p. Thus
(2.15) implies that
S(p,r) = pp(p) + Ep,
where p(p) denotes the number of solutions of the congruence ®(1,z) =0 (mod p). It may be verified
that whenever p{ D, one has p(p) < 3, and hence in this case the desired conclusion follows at once.
Suppose next that p = 1 (mod 3). Let x denote a non-principal character modulo p for which x3
is principal, and denote by 7(x) the associated Gauss sum. Then by Lemma 4.3 of Vaughan (1997),
whenever p 1 b,

T(p,b) = x(b)7(X) + X (0)7(x)-

Thus, adopting a similar argument to that of the previous paragraph, it now follows from (2.15) that

S(pr) =pp(p) + Y (x(r®(1,2) 7(X) + X (r®(1, 2)) 7(x)) + E,. (2.16)

z
pt®(1,2)

However, one has |7(x)| = /P, and an estimate due to Weil (see, for example, Corollary 2C" of Chapter
IT of Schmidt (1976)) shows that

The proof of the lemma is therefore completed on inserting the latter estimate into (2.16).
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Lemma 2.5. When r € Z and p is a prime number with (6Dr,p) = 1, one has S(p?,r) = p?, and when
v >3 one has S(p¥,r) < p*/3.

Proof. Suppose that r and p satisfy the hypotheses of the statement of the lemma, so that in particular
one has p > 3. We start by showing that there is no loss of generality in supposing that p { a. First,
if p 1 d, then one can simply interchange the roles of x and y in ®(x,y) to ensure instead that p 1 a.
Meanwhile, if p|la and p|d, then in view of the hypothesis that p 1 D it follows from (2.2) that p 1 be.
Since p > 2 there is an integer e with pt e(b+ €), and since p|a and p|d it follows from (2.1) that

®(cx, cy + ex) = b(cx)?(cy + ex) + c(cx)(cy + ex)®  (mod p).

The coefficient of 2% in the latter expression is c?e(b + ¢), which is not divisible by p, and consequently
this change of variables justifies our assumption that p 1t a.
Now write
A =9ac—3b%, B =27a*d+ 2b> — 9abc,

and consider the form
Y(xz,y) = 2 + Azy® + By’

which is linked with ® via the simple identity
27a*®(x,y) = Y (3az + by, y). (2.17)

By (2.2), the discriminant of the form Y (z,y) is D; = —(4A3 4+ 27B?), and thus it is readily confirmed
that whenever p|D; and p 1 a, then one has p|3D, contrary to our initial assumptions. Consequently,
we have (Dq,p) = 1.

Equipped with the above simplifications, we next consider the exponential sum S(p¥,r) with v > 2
and p t r. Substitute (z,w) = (3ax + by, y). Since p { 3a, this change of variables is non-singular modulo
p. Thus, on taking s to be an integer with 27a?s = r (mod p”), we deduce from (2.17) that

Sp¥,r) = pzl:i_le (5?(2,10)) . (2.18)

Write z = u+hp"~! with 1 <u < p”~! and 1 < h < p, and make a similar substitution for w in (2.18).
We obtain

S(p¥,r) = Z Z e (iT(u,v)> e (; (hYy(u,v) + kY (u, v))) , (2.19)
where
To(u,v) = 3u® + Av? and 7T, (u,v) = 2Auv + 3Bv>. (2.20)

The double sum over h and k in (2.19) vanishes unless u and v satisfy the congruences
To(u,v) =Ty(u,v) =0 (mod p).
But in the latter circumstances it follows from (2.20) that
0 = 4A4%0%(3u® + Av?) = v*(27B% + 443) = —Dyv*  (mod p),

whence the condition (D7, p) = 1 implies that p|v. On recalling (2.20) and noting that p > 3, therefore,
the congruence Y, (u,v) = 0 (mod p) implies that necessarily pju. On substituting these conditions
into (2.19), we conclude that

v—1 v—1

S(p”,r) = p? I;Z pz e(iT(u,u)). (2.21)

=1 v=1
u=0 (mod p) v=0 (mod p)
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When v = 2 the formula (2.21) yields
S(p*r) =p°, (2.22)

providing the first claim of the lemma. Meanwhile, when v > 3, one obtains from (2.21) the relation

pV72 puf2 pV73 pV73
S S
SRRV DD SP1E=2 (AT} BV BB ST E==2 {007}
u=1 v=1 rz=1 y=1

On reversing our initial change of variables we deduce the recursion formula

S(p”,r) =p*S(p"3,r),

and thus the second claim of the lemma follows on making use of Lemma 2.4 and (2.22).

When (p,r) = 1, we now have at our disposal efficient estimates for S(p”,r) provided that p 1 6D.
When p|6D, meanwhile, a simple bound results from applying Lemma 2.1 with P = g = p”. For easy
reference we summarise these results in the following lemma.

Lemma 2.6. Suppose that r € Z and q € N satisfy (q,7) = 1. Let ¢ = qoq1q2, where qo, q1, g2 are
pairwise coprime, and where g1 is cube-free, qo is cube-full, (q1q2,6D) = 1, and whenever plqy one has

p|6D. Then
S(a.r) < ¢**eq o tay .

Proof. We make use of the multiplicative property (2.14) combined with the conclusions of Lemmata
2.4 and 2.5, and the above observation.
We now turn our attention to the exponential integral (2.13).

Lemma 2.7. Let B C R? be a fized rectangle with sides parallel to the axes. Then

v(B; PB) < P2 (1+ P3|3)) /.

Proof. In advance of the main body of our argument, we establish the auxiliary estimate

A
/ Ee(1€%)de < min{A2, || ~2/3), (2.23)
0

valid for A > 0 and 7y € R. In order to establish this bound, we note that the left hand side of (2.23) is
O(A?), by a trivial estimate, and hence we may assume that |y| > A~3. In such circumstances

A A
/ Ee(1€%)de = / Ee(r€3)de + O (1| 213), (2.24)
0 |y|—1/3

and thus the change of variable ¢ = &3, followed by a partial integration, shows that the integral on the
right hand side of (2.24) is O(]y|~%/3), as required.
Now we launch into the proof of the lemma proper, noting that by a change of variables in (2.13), it
suffices to establish the estimate
v(8: B) < min{1, |82/}, (2.25)

We establish the latter estimate by reducing the integral (2.13) to one-dimensional exponential integrals,
and then bring in the estimate (2.23). Note that without loss of generality we may suppose  to be
positive. Further, since the bound (2.25) is trivial for 8 < 1, it suffices to show when 5 > 1 one has

v(B; B) < B3, (2.26)

Since the characteristic function of any rectangle with sides parallel to the axes is a linear combination
of the characteristic functions of at most four such rectangles with the origin as a common corner, we
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may assume that the origin is located at one of the corners of B. It is therefore enough to consider
rectangles of the shape

B = [0,&] x [0,n0],

where &, and 7 are fixed positive constants. Write k = 19/&p, and dissect B into the disjoint union of
the triangular regions

Bi={(§mn) €B:n<r§} and By={({n) €B:n>nrs}.

Then by (2.13),
v(B; B) = v(B; B1) + v(B; Ba). (2.27)

In order to estimate v(8;B;), we first make a change of variables. Thus, on writing ¢(t) for ®(1,t)
we have

wBl=| [ [ cosomepane=| [ [ ccoeomcal,

and so it follows from (2.23) that

UWﬁﬁ<meMLWW®WWﬂﬁ- (2.28)

Since D is non-zero, the polynomial ¢(t) is either quadratic or cubic, and thus has either 2 or 3 distinct
zeros in the complex plane, each zero being simple. We define a parameter C' according to the number
of real zeros of ¢'(t) as follows. If ¢/(¢) has no real zero, we put C = 1. If ¢'(¢) has one or more real
zeros, then we take

C = 3 min{|¢(7)| : ¢'(7) = 0}.

Making use of the simplicity of the zeros in the latter definition, one has in either case that C' > 0. We
next dissect the interval [0, k] into the subsets

Ti={te(0,r]:|8(t) < B2}, To={te0,r]: B> <|p(t) <C},

T3 = {t € [0,x] : [o(t)| > C},

and aim to establish that for 1 < j < 3,
[ winn, (Bloge)) e < |52, (2:29
T;

Since ¢ has all of its zeros simple, the measure of 77 is O(8~2/3), and hence (2.29) is immediate
when j = 1. Next we consider the case j = 2. Here we note that if ¢'(7) = 0, then 7 ¢ T, whence
infie, |¢'(t)| > 0. Moreover, since ¢ is a quadratic or cubic polynomial, the set 73 is a union of at most
6 intervals on each of which ¢(¢) is monotone. If I denotes any such interval, the change of variable
u = ¢(t) yields

C
[ minfL @lowh > < 5720 [ i< g
I 5—2/3
whence (2.29) follows in the case j = 2. When j = 3 the estimate (2.29) is trivial (though here, one
should note, the implicit constant depends on «, which in turn depends at most on the coefficients of
®). On combining (2.28) and (2.29), therefore, we may conclude that

(B Br) < B3, (2.30)

Finally, the bound v(j3; By) < 8~2/3 follows via the same argument as that used to bound v(3; By),
on interchanging the roles of £ and 1. On recalling (2.27) and (2.30), therefore, we at last deduce the
upper bound (2.25), and thus the proof of the lemma is complete.
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3. WEIGHTED EXPONENTIAL SUMS AND A MEAN VALUE ESTIMATE

The exponential sum f(«) defined in (2.11) can be approximated, when « is close to a rational point
a/q, by the expected main term. However, the bound for the error arising in this approximation which
follows from Lemma 2.3 is unusually large, owing to the presence of the factor P. In this section we aim
to show, roughly speaking, that this error is much smaller in mean square. Our argument will make use
of a two dimensional version of the Poisson summation formula, the application of which will be much
facilitated by considering a weighted variant of the exponential sum discussed in the previous section.

In this section we continue to suppose that ®(z,y) is defined by (2.1), and that the discriminant of
® is non-zero. The Hessian of ®(z,y) is the quadratic form

H(z,y) = det (6ax+2by be+2cy) .

2bx 4+ 2cy 2cx + 6dy

The real locus of zeros of the polynomial H(x,y) either consists of the single point (0,0), or else is
the union of two lines through (0,0). Let (£o,70) € R? be any point with the property that H(&,n) is
non-zero whenever | —&y| < 1 and |n—ng| < 1. We will describe a point of the latter type as admissible
for ®. In view of the preceding comments, one has that every point on the real plane is admissible for
®, except possibly for the union of the unit width neighbourhoods around two lines through the origin.

Now let
2
exp <—_> ,  when |t| < 1,
Y(t) = e (3.1)
0, otherwise,

and define, for Q > 1, the two-dimensional weight function I'(§,n) =T'¢(§,n) by

Lo(&n) =~ (% - 50) gt (% - 770) : (3.2)
The weighted exponential sum which forms the basis for our analysis is g(a) = g(a; @), which we define
by

9(a;Q) = Y Tolz,ye(ad(z,y)).

(z,y)€Z?

On applying the Poisson summation formula, one deduces that whenever r € Z, ¢ € N, (r,q) =1

and [ € R, one has
r h k
g (5 + 6) =q* > Slgrih k)W (6; 7 5) , (3:3)

(h,k)eZ?
where .
r@(a@,y)—i—hx—f—ky)
S(q,r;h, k) = e 3.4
@rin) =323 ( ! (3.4)
r=1y=
and

W(siu) = [ [ Toleme (60 n) —ug - vy) ded
Note that S(q,r;0,0) = S(g,r). For the sake of concision, write
w(B) =W(5;0,0). (3.5)

We next define a Hardy-Littlewood dissection. Take R to be a parameter with 1 < R < %Q?’/ 2 and
when r € Z and g € N, write

N(g,r) = {a€[0,1): |[ga —r| < RQ™*}.

We take D1(R) to be the union of the intervals 9M(q, ) with 0 < r < ¢ < R and (r,q) = 1. Note that
the intervals occurring in the latter union are disjoint. Finally, when o € (g, ) C M(R), define

E(a) =g(a) — ¢ S(q,m)w(er — r/q). (3.6)

We are now in a position to state the main result of this section.
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Lemma 3.1. Let1 < R < %Q3/2, and suppose that (£9,m0) is an admissible point. Then

/ |E(Oé)|2d0é < R9/2Q5_3+R1/2Q1+8.
N(R)

The interested reader may care to compare Lemma 3.1 with Theorem 2 of Briidern (1991), where a
stronger bound is established in the special case in which ®(x,y) = 22+ 3. The basic idea of the proof
is modelled along the lines of Hooley (1986), but in the present situation we avoid reference to deeper
results from algebraic geometry. With additional effort one should be able to improve substantially on
the elementary estimate provided here.

In order to establish Lemma 3.1, we require some auxiliary estimates which we describe below. When
h; and k; are integers (i = 1,2), define

q
N(ghk)= > S(q.rihi,k)S(q 75 ha, ko). (3.7)

r=1
(rg)=1

Lemma 3.2. For fized integers h; and k; (i = 1,2), one has that N(q;h,k) is a multiplicative function
of q. Moreover, if ¢ = q1q2 with g1 square-free, qa square-full and (q1,q2) = 1, then

N(g;h, k) < ¢°¢3q5(q1, ha, k1, ha, k2).

Proof. That N(q;h,k) is a multiplicative function of ¢ follows immediately via well-known methods,
and we take the liberty of omitting the details here (but see, for example, the argument of the proof
of Lemma 2.11 of Vaughan (1997)). Moreover, on applying Lemma 2.1 to (3.4), it follows that when
(r,q) = 1 we have

S(q,r;h, k) < ¢*/2,

whence by (3.7),
N(g:h, k) < ¢+, (3.5)

Observe that the estimate (3.8) suffices to establish the lemma when ¢ is squarefull, and also when ¢
is a prime number dividing all of the h; and k; (i = 1,2). In view of the multiplicative property of
N(gq; h, k), therefore, the conclusion of the lemma will follow provided we show that when p is a prime
number with (p, hy, k1, ho, k2) = 1, then one has

N(p;h,k) < p’. (3.9)

We establish (3.9) by following an argument used in work of Hooley (see the proof of Lemma 6 of
Hooley (1986)). Observe that by a change of variable,

p—1p—1
-
N(p; h, k) F;;S p, 713 byl ky1)S (p, 135 hal, kaol)
1 p—1 p o
- ( S(p, 7 hal, k1) S(p, 7 hal, kal) — z), (3.10)
p— 1 =1 r=1

where

¥ = S(p,0; hil, k11)S(p, 0; hal, kal).

But by assumption, at least one of the h; or k; is not divisible by p, so that ¥ necessarily vanishes.
Thus we deduce from (3.10) that

l
N(pih k) = d > e (E(hlm + k1y1 — hoxo — kﬁzyz)> ; (3.11)
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where the summation is over x; and y; with
1<z,y;<p (i=1,2) (3.12)

subject to
O(z1,y1) = P(w2,y2) (mod p). (3.13)

Consequently, on writing v(p) for the number of solutions x,y of (3.13) satisfying (3.12), and v(p; h, k)
for the corresponding number of solutions subject to the additional condition

hix1 + k1y1 = hoxa + kaya  (mod p),

we conclude from (3.11) that
Niph ) = 2 (v o) = v(p)). (3.14)

But, again because at least one of the h; or k; is not divisible by p, one finds without difficulty that
v(p;h, k) < p?. Thus, the estimate v(p) < p? being trivial, we conclude from (3.14) that the estimate
(3.9) does indeed hold. This completes the proof of the lemma.

Bounds for W (;u,v) are available from the literature. We summarise some special cases of Lemma
7 of Hooley (1988) in the following lemma.

Lemma 3.3. Let 8, u and v be real numbers, and suppose that (&,m0) is admissible for ®. Then
whenever |5| < Q~3/2, one has

W(B;u,v) < Q (1+ Q3 logQ)2(8])

Further, there is a positive constant C such that whenever |u| + |[v| > C~13|Q?, one has
W (B5u,v) < Qexp (—~CV/Q(ul + o))

Having provided the necessary prerequisites, the stage is now set for our proof of Lemma 3.1.

The proof of Lemma 3.1. We begin with a rearrangement. When o € 9(R), it follows from (3.3) and

(3.6) that
E(Oé) = Z q_QS(CLT; h7 k) (57575)
(h,k)€Z?\{(0,0)}
Thus
[ oE@Paa= 3 Y NahaoZeh), (3.15)
N(R) 1<q<R (hy,k1)€Z2\{(0,0)}
(ha,k2)€Z2\{(0,0)}
where

R/(qQ?) he k ho k
Tk = | (&—17—1) (@—?—2) 5. (3.16)
—R/(qQ3) q q

Recall our conventions concerning ¢, g1 and ¢ described in the statement of Lemma 3.2. Then on
noting that for squarefree g; one has

(g1, hy by hay k) < (g1, hay kn) Y2 (qu, o, k)2,
we deduce from Lemma 3.2 together with (3.15) and (3.16) that
R/(qQ® )

do < R : dg, 3.17
J o E@rd < m 3 gt [ 0)%ds (3.17

1<q<R R/( ‘ZQS
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where -
Vg = Y \W (/3; d 5) \ (a1, b k)2, (3.18)
(hk)EZ2\{(0,0)}

Before proceeding further we dock the tails from the summation over h and k occurring in (3.18).

To this end, when 8 € R define H = H(3) by
- { max{l,¢/Q},  when |8 < Q%
| max{1,¢Q?8]}, when Q% < |8 < ¢ 'Q3R.

Let 0 be a fixed positive number to be chosen later. Then by Lemma 3.3, there is a positive constant
C such that whenever |h| + |k| > HQ?® one has

(3.19)

w (525 a0k < 2@ e (~0 QTR D) (3.20)

But

Z eXp( Cy/Qq~* |h|+|k|><< Z lexp( Qq—ll)1/2>

(Bl k> HQ? 15 HQY
< exp(—=Q°?),

whence by combining Lemma 3.3 with (3.18) and (3.20), we deduce that whenever |3] < Q~3/2 one has

V(B;q) = >

0<|h|+|k|<HQ®

w (5; . g) ‘ (a1 1. )Y + Ofexp(— Q%))

< G H?Q¥PHE(L+ Q%|B) ™ + O(exp(—QYY)). (3.21)
We next substitute (3.21) into (3.17), obtaining for 1 < R < Q3/2 the estimate
R/(¢Q°) s
[ B@Pla<i+@ 3 oot [ mietea sy tas (22
N(R) 1<¢<R R/(qQ3)

But on recalling (3.19), one readily confirms that when 1 < ¢ < R one has

R/(qQ*)
/ HAQ (1 + Q%)) 2B < Q + qR°Q>.
—R/(qQ3)

Further, trivially,
Z ¢l < RV2,

1<q<R
Thus (3.22) yields

| IB@Pda < 1+@45 (R2Q+ R2Q),
N(R)

and the proof of the lemma is completed on taking § = .

Before leaving this discussion of the behaviour of F(a), we extract a further simple estimate from
Lemma 3.3.

Lemma 3.4. Let § > 0 and suppose that R < Q'~°. Then whenever o € M(R) one has E(a) < 1.
Proof. Suppose that 1 < ¢ < Q'~° and |ga — | < Q~27?. Then by Lemma 3.3,

> ki< ¥ eo(-cvarTTEm)

(h,k)€Z2\{(0,0)} (h,k)€Z2\{(0,0)}

< Q? ilexp (—C’Q“S/2ll/2>
1=1

< exp (—Q5/3> )

The desired conclusion therefore follows from (3.3) and (3.6).
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4. THE PROOF OF THEOREM 1: THE UPPER BOUND

We establish the upper bound provided in Theorem 1 by a straightforward argument based on the
use of Lemma 2.1. Let ® be a binary cubic form with non-zero discriminant, and define f(a) = f(a; ®)

by
Z Z (a®(z,y))

|z|<P |y|<P
Write also

= [ 1@ o)tae. (4.1)

Then on recalling the statement of Theorem 1, and applying Holder’s inequality, one obtains

L 4 4 1/4
N(P; ®) :/0 Hf(a; ®,;)da < (H I(q)i)> )

The upper bound of Theorem 1 is therefore immediate from the bound on I(®) provided in the following
lemma.

Lemma 4.1. Let ® be a binary cubic form with non-zero discriminant. Then I(®) < P5T¢,
Proof. We apply the Hardy-Littlewood method. When r € Z and q € N, write
M(q,r) = {a€0,1):|ga—r| < P?}.
Take 9t to be the union of the intervals M(q,r) with 0 < r < ¢ < P and (r,q) = 1. Note that the
intervals occurring in the latter union are disjoint. Finally, write m = [0,1) \ 9. We begin by noting

that Lemma 2.1 implies the estimate

sup | f(a; ®)| < P2,

acm

Thus, in view of the upper bound

1
/0 (e ®)Pda < PP, (4.2)

which follows from Lemma 5 of Chowla and Davenport (1961) (see also Hooley (1967, 1985) for impor-
tant refinements of the latter), we obtain

1
/ (o )| 'da < (sup |f(o; D)) / (o ®)Pdar < P (4.3)
m aeEm 0

The contribution from the major arcs is readily estimated. Indeed, when oo € M(q, ) C M, it follows
from the estimate (2.4) of Lemma 2.1 that

fla; ®) < P** (q+ PPlga —r|) %,

and therefore,

/|fa<I> o < POTE Y Z / (q+ P3q|8)) " dB

1<q<P r=1 YIBI<(qP?)~*
(r,q)=1
< PPy Zaf2 < pote. (4.4)
1<g<Pr=1

The proof of the lemma is completed on combining (4.1), (4.3) and (4.4).



14 BRUDERN AND WOOLEY

5. A MINOR ARC ESTIMATE

The observant reader will have noticed that the minor arc estimate (4.3) exceeds the expected order
of magnitude of N/(P; ®) only by a factor of P¢. In such circumstances, a further saving can be wrought
by employing a process nowadays known as “efficient differencing” restricted to minor arcs. This method
has its roots in the work of Vaughan (1986). However, as opposed to all previous applications of this
technique, we are forced to perform the differencing operation on two variables simultaneously. This
operation is not quite as efficient as in more familiar applications of the method, but nonetheless stronger
than making use of ordinary Weyl estimates, as in (4.3) above.

In order to make use of our differencing argument we require a simple lemma concerning the number
of solutions of certain congruence relations.

Lemma 5.1. Let ® be an integral binary cubic form with non-zero discriminant D. Also, when | is an
integer, write A(l) for the set of solutions of the congruence
®(z,y) =1 (mod p?) (5.1)

with 1 < z,y < p3 and (z,y,p) = 1. Then card (A(l)) < p>, where the implicit constant depends at
most on D.

Proof. By symmetry, it suffices to estimate the number of solutions of (5.1) lying in A(l) for which
ptxz. We note also that the lemma is trivial when p|D, and thus we henceforth assume that p{ D. Let
M(p; @) denote the number of solutions of the congruence

3®(1,2) =1 (mod p?) (5.2)
with 1 < x,2 < p® and p{x. Then on making the substitution y = zz (mod p?), it is apparent that the
lemma will follow on showing that M (p; ®) < p?. In order to establish the latter estimate, we consider
the set

Z={1<2<p’:9(1,2) =0 (mod p)},
where ®'(1, z) denotes the derivative of ®(1, z), and divide into cases.
(i) Solutions of (5.2) with z € Z. Observe that the simultaneous congruences
®(1,2) =P'(1,2) =0 (mod p)

have no solution, for otherwise ®(1, z) would necessarily possess a double root modulo p, contradicting
our assumption that p + D. Thus we deduce that whenever z € Z, one has ®(1,z) # 0 (mod p).
Consequently, when p|l there are no solutions of (5.2). Suppose, on the other hand, that p t[. Then for

each fixed z € Z there are at most 3 solutions in = to the congruence (5.2), whence the total number
of solutions in this case is at most 3 - card (Z) < 3p3.

(ii) Solutions of (5.2) with = ¢ Z. Suppose that z is an integer with 1 < 2 < p3 and p { x. Then on
writing I’ for [Z> (mod p?), we find that the number of solutions of (5.2) with z ¢ Z is at most
p’card ({2 ¢ Z:®(1,2) =1 (mod p*)}). (5.3)
However, there are at most 3 solutions of the congruence ®(1,z) = I’ (mod p), and for each such
solution with z ¢ Z we have p { ®’(1, z). Thus a Hensel’s Lemma argument reveals that
card ({z ¢ Z:®(1,2) =1’ (mod p*)}) < 3.
On recalling (5.3), we find that the number of solutions in this case is also at most 3p>.
The proof of the lemma is completed on combining the conclusions of cases (i) and (ii).
We now set the scene for the enunciation of a technical minor arc estimate used in the proofs of
Theorems 1 and 2. In addition to the idea of efficient differencing, the work described in §3 also plays a

crucial role in our argument. As usual, let ® be an integral binary cubic form, defined as in (2.1), and
having non-zero discriminant D. Let B C R? be a rectangle, and define f(a) = f(a; P) as in (2.11). Let

® denote a second integral binary cubic form with non-zero discriminant D. Let (£,7) be an admissible
point for ®, and define the weight function

Fol6,n) =~ (g —é’)w(g—N). (5.4)

Finally, denote by g(a) = g(«; Q) the exponential sum

9@:Q) = Y Tolwyle(ad(a.y)). (5.5)

(z,y)€2?
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Lemma 5.2. Suppose that —3D is not a square. Let p denote a prime number with p < PY10, and
let R denote a real parameter with R > (%p)‘l. Write m(R) for the set of all a € [0,1) satisfying the
property that whenever ||qa| < RP~3, then one has ¢ > R. Then

/ S Prgten’ P 2 da < PP+eps. (5.6)

Observe that if the integral in (5.6) were evaluated over the interval [0, 1), then its expected order
of magnitude would be P?p~*. Thus, whenever p is a suitably small power of P, we essentially save a
factor of p on the minor arcs relative to the major arc contribution.

The proof of Lemma 5.2. We start proceedings with the elimination of certain common factors amongst
variables. Write Q = P/p, let R denote a real parameter with R > (3p)?, and write m = m(R). Define

fla)= 3 elad(z,y)).

(z,y)EPB

(‘rayap)zl
Then one has

fla; P) = fp(a) + flap®; Q). (5.7)
Let B
Q=2+ +n+ sup (€ +[n]),
(&menB

and write

Z Z a@xy

2] <QQ |y[<QQ

Then by applying Schwarz’s inequality, considering the underlying diophantine equations and recalling
(3.1), (5.4) and (5.5), one finds that

[ e @uter @) o< ([ Istent @ o) ([ oter's )
< ([ 1Qrtaa) ([ el aa) "

Thus it follows from Lemma 4.1 that
! 2
| ltter® @(ar’s Q) da < @7
0
In view of (5.7) and the inequality |u + v|? < 2(|ul? + |v|?), therefore, one has

/ | f(a; P)g(ap®; Q)| da < 2/ | fo(@)g(ap®; Q)| da + O(Q7*). (5.8)

Having prepared the ground, we now apply an argument first applied by Vaughan in work on Waring’s
problem for cubes (see Lemma 10 of Vaughan (1986)). We write Ry = Rp~3, and let n denote the set
of @ € [0,1) satisfying the condition that whenever ¢ is a natural number Wlth lgal] < Ro@Q™3, then
one has ¢ > Ryg. When k € N, write

n,={aceR:a—ken}.

Write, further,
d—1
d:p3, J\/ld=Unk and .AdZ{OéGR:OszMd}.
k=0
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Then following the argument of the proof of Lemma 10 of Vaughan (1986) (see also §4 of Vaughan and
Wooley (1991)), one finds that m C A,4, whence it follows that

/ o(e)glop®; Q) da < / O(a)lg(es Q)|*da, (5.9)

a+k
fp( d )

where
2

d—1
O(a) =d! Z
k=0

Moreover, by orthogonality one has

where the summation is over

(z,y) € PB and (u,v) € PB (5.10)

satisfying
(z,y,p) = (u,v,p) =1 and ®(z,y) = ®(u,v) (mod p°).

Consequently, on recalling the notation of the statement of Lemma 5.1 and applying Cauchy’s inequality,
one obtains

O(a)

pZ 2 2 > clowe(wy)

(z0,y0)EA(l) z=20 (mod p3) y=yo (mod p3)
2

< Z card (A(l)) Z Z Z e(ap™?@(z,y))| ,
=1

(z0,y0)€A(l) [z=x0 (mod p3) y=yo (mod p3)

where the summations over x and y are subject to (5.10). We therefore deduce from Lemma 5.1 that

O(a) < p* Z e (ozp‘3 (P(z,y) — (IJ(u,v))) , (5.11)

x,Y,u,v
where the summation is over z,y, u, v satisfying (5.10) with
(r,y,p) =1, z=u (modp?) and y=v (mod p?). (5.12)

We now reduce the exponential sum on the right hand side of (5.11) to related sums to which Lemma
2.2 is applicable. We first remove the diagonal contribution arising from the terms with (z,y) = (u,v).
Next we remove the coprimality condition (x,y, p) = 1, noting that the congruence conditions recorded
in (5.12) imply that whenever p|z and p|y, then one has p|u and p|v. Thus we deduce from (5.11) that

O(a) < 9 (P* +|F(0)| +1G()) (5.13
where
Fla)= ) > e(ap  (@(z,y) — B(u,v))) (5.14)
(z,y)ePB (u,w)EPB
u=z (mod p>)
v=y (mod p?)
(u,0)#(z,y)
and

Gla)= > Y ela(®(z,y) - (u,0))). (5.15)
(z,y)eQB (u,w)EQB
u=z (mod p?)
v=y (mod p?)
(u,0)#(z,y)
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However, by recalling (3.1), (5.4) and (5.5), and considering the underlying diophantine equations, we
may infer from (4.2) that

1
/ 9(c; Q) da < Q7. (5.16)
0

Thus, on noting that our hypotheses on p ensure that p3P2Q? < Q°, we deduce from (5.8), (5.9) and
(5.13) that

/ |f(a; P)g(ap™; Q)| da < Q%+ + p* (I + ), (5.17)

where

L = /\F g(a;Q)?*|dar and I = /|G )g(c; Q)?|de. (5.18)

We next exploit the congruence conditions implicit in the exponential sums F'(«) and G(«). In (5.14)
we substitute z = u + hp® and y = v + kp? to obtain

F(a) = Z Z e (¥, (u,v;h, k),

0<|h|,|k|<H (u,v)EPB
(h,k)#(0,0) (u+hp3,v+kp®)ePB

where H = QPp~3, and U, is the polynomial defined in (2.5). It follows that F(«) takes a form to
which Lemma 2.2 is applicable, with m = p3, and thus we deduce that

F(a) < P¥ep=6 4 prep=0K(a), (5.19)
where 1
K(a) = (¢+@%lgall) , when ¢ < P and [lgal < PQ?, (5.20)
0, otherwise.

Similarly, in (5.15) we substitute x = u + hp? and y = v + kp? to obtain

Gla) = Z Z e (apzllfpz (u,v; h, k)) )
0<|h|,|k|<H (u,v)EQB
(h,k)#(0,0) (u+hp?,v+kp?)eQB

Thus G(a) also takes a form to which Lemma 2.2 is applicable, but now with m = p?, and, more
importantly, with a replaced by ap?. Hence, on writing

_ -1 _
J(a) = (¢+@%p2|lgal]) , when ¢ < Q and ||go| < p*Q 2, (5.21)
0, otherwise,

we deduce from Lemma 2.2 that
G(a) < P**ep™" + PYep 8 J(ap?). (5.22)

On recalling (5.16)-(5.19) and (5.22), therefore, we may summarise our deliberations thus far by record-
ing the estimate

/ | £ P)g(ap®; Q)| dov < Q%+ + PH+ep=2 I + PH4ep01,, (5.23)

where .
I3 = / K(a)lg(e; Q)]?dac and Iy = / J(ap?)|g(e; Q)|*de. (5.24)

n 0

In order to complete the proof of the lemma, we have only to estimate I3 and I,. The estimation of
1, is accomplished easily through the use of Schwarz’s inequality, giving

1/2

I < ( /0 (e Q)\“da)l/z ( /0 1 |J<ap2>|2da> - (5.25)
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But by considering the underlying diophantine equations, it follows from Lemma 4.1 that

1
/ l9(c; Q)] der < Q°F*. (5.26)
0

Meanwhile, since J(«) is a periodic function of o with period 1, we deduce from (5.21) that

[ wtertpaa= [ eraas 3 o /% (1+Q%8) d

1<q<Q
< p*Q3. (5.27)
On combining (5.25)-(5.27), therefore, we obtain
I, < Q' ep. (5.28)
It remains only to bound I5. Recall the set of major arcs, 9(X), defined in §3, and note that

b= [ K(@)g(:Q)Pda= | K (@)lg(e; Q) da.
n N(P)\N(Ro)

In view of (5.20), whenever o € M(2X) \ M(X) one has K(a) < X~1. Then by dividing into dyadic
intervals, one deduces that

I3 < (logP) sup X! lg(a; Q)| dav. (5.29)
Ro<X<P/2 N(2X)\N(X)

Next define the function g*(a) by

\ q~*S(q,r)w(e —r/q), when a € N(q,r) C N(P),
g (a) = . (5.30)
0, otherwise.
Then in the notation introduced in (3.6), for each a € 91(P) one has
l9(e; Q)1 < |g™ () |* + |E(a)[*.
By Lemma 3.1, therefore, we may conclude that whenever 1 < X < %QS/ 2,
/ 9(e; Q)Pda < / g% (@) Pda + XO2Q° 73 4+ X 1/2Q =, (5.31)
N(X) N(X)

Moreover, when, for some positive number §, one has X < Q'~?, it follows from Lemma 3.4 that one
has the more precise estimate

/ lg(cv; Q)|2da <1+ / \g*(a)\zda. (5.32)
N(X) N(X)

Further, by (5.30), (3.5), and Lemmata 3.3 and 2.6, in the notation used therein, whenever 1 < X <
13/2
5Q°/< one has

1

d 4 —4|5( 2 1 31 21324
[ﬂ(x)| “(a))Pda < Q Z Z 15(q, 7 /_%( +Q%(log Q)72|8))

< Q'te Z "o e 2y P < QX (5.33)
1<g<X

On combining (5.29) and (5.31)-(5.33), therefore, we may finally conclude that

I3 < P* sup (X_1 + QX_l) + P®  sup (X7/2Q_3 + X_1/2Q>
Ro<X<Q!~¢ QI7e<X<P

< P¢ <p3QR_1 +P7/2Q_3 +Q1/2> )
Since, by hypothesis, we have p < PY/10 and R > (%p)‘l, we arrive at the estimate

I; < QMep L. (5.34)
The proof of the lemma is completed on combining (5.23), (5.28) and (5.34).
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6. THE PROOF OF THEOREM 1: THE LOWER BOUND

Our preliminary campaigning on the minor arcs now complete, we launch our assault on the proof
of the lower bound recorded in Theorem 1. We first dispose of a simple exceptional case. Suppose that
®(x,y) is a binary cubic form with integer coefficients having non-zero discriminant D, and suppose
that —3D is a square. Then it is well-known (see, for example, Lemma 18 of Chowla and Davenport
(1961)) that there exist rational numbers A and B, and linearly independent linear forms X = X (z,y)
and Y = Y (z,y) with rational coefficients, such that ®(z,y) = AX® + BY3. Suppose next that for
each j with 1 < j < 4, the binary cubic form ®;, with discriminant D;, satisfies the condition that
—3D; is a square. Then by the above discussion, there exists a positive number § and integers c;
(1 < i < 8) depending at most on @, such that the set of solutions counted by N (P; ®) is in bijective
correspondence with a subset of the solutions of the diophantine equation

13 + coxh + -+ + ey = 0, (6.1)

with |z;| < 0P (1 < i < 8). Moreover, this correspondence is defined by a non-degenerate linear
transformation with rational coefficients, so that a little thought reveals that a lower bound for NV (P; ®)
is provided by the number of solutions of (6.1) subject to congruence conditions on the z;, and with the
x; confined to a convex subset of [—~JP, 6 P]® with volume > P8. We note that a further consequence
of the non-degeneracy of the aforementioned transformation is the non-trivial local solubility of the
equation (1.1) in this case. For the non-trivial p-adic solubility of the equation (6.1), for each prime
p, is immediate from Lewis (1957b), and any non-trivial p-adic solution of the latter equation yields a
non-trivial p-adic solution of (1.1). Thus the work of Vaughan (1986), combined with standard major
arc techniques from the Hardy-Littlewood method (see, for example, Vaughan (1997)), can be applied
to yield an asymptotic formula for N'(P; ®) of the shape

N(P; ®) ~ kP°,

for a suitable positive number #, and indeed the lower bound N (P; ®) > P?® is simpler still to obtain.
Consequently, in the above special case, the lower bound of Theorem 1 follows easily without recourse
to the main techniques of this paper.

In view of the above deliberations, we may suppose that there is an ¢ for which —3D; is not a
square. Henceforth we suppose that —3Ds is not a perfect square. Let § be a fixed number with
0 < < 1/10, and choose an admissible point (£1,7;) for ®;. Plainly, we may also choose real numbers
&, mj (2 <j <A4) satistying

@1(61,771)+"'+CI)4(£4,774) = 0. (62)

Moreover the non-vanishing of the discriminants D; ensures that we may make a non-singular such
choice for £ and 7, whence we may suppose that for some ¢ with 1 <7 < 4 one has

0P;
a_£<£i777¢) #0 or

Let 7 be a sufficiently small positive number, and define the boxes

Bi={(&n: =&l <mand np—n| <7} (1<7<4) (6.4)

0P,

8_77(51',771) # 0. (6-3)

Choose a prime p with P? < p < 2P?, write Q = P/p, and consider the exponential sums

gl@)= Y Tolz,y)e(adi(z,y)), (6.5)

(z,y)€Z?

and

By orthogonality, the integral

N = / g(0p®) F2(a) fa(e) F1(a)da (6.6)
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counts the number of solutions of the diophantine equation

pP®y (21, y1) + Po(z2,y2) + P3(w3,y3) + Pa(24,94) = 0, (6.7)

with (21,91) € Z? and (zj,y;) € PB; (2 < j < 4), and with each solution (x,y) counted with weight
I'o(x1,y1). Hence, in view of (3.1) and (3.2), there is a positive number (2, depending at most on our
choices for & and 7, such that

N(QP; ®) > N. (6.8)
In the remainder of this section we will establish the lower bound
Ny > PP%0 (6.9)
so that since 6 > 0 can be taken as small as we please, the lower bound in Theorem 1 will follow
immediately from (6.8) and (6.9).
We establish (6.9) by using the Hardy-Littlewood method. Let 9t denote the union of the intervals
M(g,r) = {a €[0,1) : [ga —r[ < P¥7?}

with 0 <7 < ¢ < P* and (r,q) = 1, and let m = [0,1) \ 9. By Schwarz’s inequality one has

/ 19(ap®) fo(@) (@) fa(e)da < TY2TH 4714, (6.10)

where

J:/|f2(a)g(p3a)|2da and Ji:/o fi(a)*da (i =3, 4),

But by Lemmata 5.2 and 4.1, respectively, one has J < Q°'¢, and J; < P°™¢ (i = 3,4). Then the
definition of m, together with (6.6) and (6.10), implies that

= / g(0p®) £2(0) f3(a) f1(0)da + O(P5~¥5+¢), (6.11)
M

The evaluation of the major arc integral is routine, and thus we will be brief. Let

Sian) =23 e (taen) i< (6.12)
wep) = [ enemden <<,
and
w(3Q) = [[ Tal&.me301(&n) dedn (6.13)

When r € Z and ¢ € Nsatisfy 0 < r < ¢ < P* and (r,q) = 1, define fi (@) and g, () for |ga—r| < pro—3
by
fil@)=q?Sj(a.r)v (a—r/g;P) (2<j<4), (6.14)
and
gp(a) = ¢ 2S1(q, P )w (p° (@ = 7/4); Q). (6.15)

Then by Lemmata 2.3 and 3.4 together with (3.6), whenever a € M(q,r) C M, one has
g(ap®) — gpla) <1 and fj(a)— fi(a) < Piegt/? (2< 4 <4).

In view of Lemma 2.6, however, when a € M(g,r) C 9N, one has f7(a) < P2e—1/2 (2 < j < 4),
whence when 2 < 4,57 <4 and 7 # 7,

sup | f (@)(fj(a) — f; (@))] < P¥F2.
aceM
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Thus it is readily confirmed that
g(ap®) f2(a) fa(a) fa(@) = gy (@) f5 (@) f3(a) fi (o) < PTHe.

Since the measure of 9 is O(P3~3), we deduce that
/Sm 9(ap®) f2(a) f3(a) fa(a)dor — /m g, () f3 (@) f () fi (a)daw < PAFE0TE, (6.16)

By a change of variable, one has w(p®8; Q) = p~2w(B; P). Thus, on substituting from (6.14) and
(6.15), we deduce that

/ @@ f@da=p2 S 8,@)J(), (6.17)
n 1<q< P4s
where .
Sp(@)=q% Y Si(q.7p*)Sa(q,7)S5(q,7)Sa(q.7) (6.18)
(=1
and
q—1P45—3

Ja)= [ w8 Pyua(s Phoa(B: Pus(5: P,

We are able to dispose of the analysis of the singular integral J(q) swiftly by making another change of
variables. Thus a straightforward application of Lemma 2.7 yields

q71P46

o) =P [ (B (B (B (1)
=P°(J+0(¢P™™)), (6.19)

where -

7= [ w8 )08 108 18 15
Moreover, when 7 is sufficiently small, bearing in mind (6.2)-(6.4), a standard application of Fourier’s
integral formula (see, for example, Lemma 6.2 of Davenport (1959)) shows that JJ > 0. Thus (6.17) and
(6.19) imply that

/m gy (@) f3 () f3 () fi (@)da = P°p~? (J&,(P*) + O(T(PY))), (6.20)
where
X)= ¥ S and T(X)=x"1 3 qlS, (). (6.21)
1<g<X 1<qg<X

We now turn our attention to the task of estimating S,(¢). For each ¢ € N there is a unique
decomposition ¢ = ¢pq1q2, where qo, g1 and ¢go are pairwise coprime, and where ¢; is cube-free, ¢
is cube-full, (q1q2,6D2D3D4) = 1, and whenever p|qg one has p|6DyD3D,. By estimating S;(q, rp®)
trivially, and applying Lemma 2.6 for the remaining terms, we obtain from (6.18) the estimate

—-3/2 — _
So(q) < ¢ gy a3 52

Consequently, bearing in mind our notational devices, one has

x1/2—2¢ Z 15,(q)] < Z qo—sql—3/2q2—1/2

>X q0q192>X
—e\—1 —-3/2 —1/2
< I a-»9 o g
p|6D2D3Dy q1 cube-free

g2 cube-full
< 1,
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whence

D IS(g)) < X712 (6.22)

>X
Similarly,

X127 N s l< Y @t e VP <,
1<g<X q0q192<X

whence

> alSq(p)l < X1 (6.23)

1<g<X

It follows in particular that the singular series

oo

&y =2 S(0) (6.24)

converges absolutely. Moreover, on applying the estimates (6.22) and (6.23) to (6.21), we obtain
S(X)=6,+0(X"1?) and F(X)< X712 (6.25)

whence by (6.20) we deduce that
| a5 @5 (@) fi(a)da = P72 (76, + 0(P2)). (6.26)
On combining (6.8), (6.11), (6.16) and (6.26), we may conclude thus far that

N(QP;®) > JG,P>~%

and thus, on taking § to be a sufficiently small positive number, the lower bound of Theorem 1 will
follow from the positivity of J, provided that we confirm that &, > 1.

We now analyse the singular series at a modest level. We begin by noting that (2.14) and (6.18)
together imply that S,(¢) is a multiplicative function of ¢q. Thus, in view of the absolute convergence
of the series recorded in (6.24), one has

Gp = H Z Sp(wh>7

w h=0

where the product is over prime numbers w. Then by (6.22), on taking w, to be a sufficiently large
constant depending at most on the coefficients of the ®;, one has

6p:( I1 isp@h)) <1+O(w0_1/4)> >1 1] isp@h). (6.27)

w<wo h=0 w<wg h=0

When P is sufficiently large one has p > wg, and moreover when w # p a simple substitution reveals
that Sy (w”, rp3) = S1(w”, r). Thus we deduce from (6.18) and (6.27) that

&, >1 [] x(@), (6.28)

where
h

oo w
X(w) = Zw*% Z S1(w", r)Ss (@™, 1) S5 (@™, 1) Sy(wh, 7).
h=0 r=1
(ryw)=1
But standard methods (see, for example, the treatment provided by Davenport (1959)) show that, for
each prime number w, the existence of a non-singular w-adic solution of the equation (1.1) implies that
X(w) > 0. Then in view of (6.28), we obtain the desired conclusion that &, is positive, and bounded
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uniformly away from zero, provided only that the equation (1.1) possesses a non-singular solution in
every w-adic field.

To complete our proof of Theorem 1, we now briefly sketch how to prove that (1.1) indeed possesses
a non-singular solution in every w-adic field, using the argument suggested by that completing Chowla
and Davenport (1961). We note first that since the two first partial derivatives of a binary cubic form
with non-zero discriminant cannot vanish unless both variables vanish, it suffices to prove the existence
of a non-trivial solution of (1.1) in every w-adic field. One observes next that an integral binary cubic
form with non-zero discriminant is equivalent, under a linear transformation over a quadratic field
extension of Q, to a diagonal form with coefficients in the latter field extension. Consequently, the
equation (1.1) is equivalent to a diagonal equation defined over a field K, which arises from a succession
of quadratic extensions of Q4. Given the existence of a non-trivial solution to the latter equation in
K, which is guaranteed by the principal conclusion of Lewis (1957b), one may employ an argument
of Lewis (1957a) to pull this solution back, through the tower of quadratic extensions, to a non-trivial
w-adic solution of (1.1). This completes our sketch of the local solubility behaviour relevant to our
argument, and hence also the proof of Theorem 1.

7. THE PROOF OF THEOREM 2

Having completed our analysis of sums of four binary cubic forms, we now investigate the represen-
tation of integers as the sum of two such forms. For j = 1,2, let ®,(x,y) denote an integral binary
cubic form with non-zero discriminant D;, and consider the equation (1.3). As in the previous section,
we dispose first of the cases in which —3D; is a perfect square for j = 1 and 2. In this situation the
forms ®; (j = 1,2) each diagonalise via a non-degenerate rational transformation. It follows that there
exist positive integers B and J, and integers b;; and ¢; (1 <1i < 4,1 < j < J), all depending at most
on ®; and P9, such that an integer n is represented in the form (1.3) if and only if n is represented in
the form

1y} + c2ys + csys + cayl = n, (7.1)

with the variables satisfying the congruence conditions

for some j with 1 < j < J. The latter problem is within the compass of standard circle method
machinery. Indeed the methods of Davenport (1939) suffice to show that each integer n with |n| < X,
for which the local solubility conditions are satisfied, has a representation of the form (7.1) subject to
(7.2), with at most O(X?%/30+¢) exceptions. We may omit the (standard) details in the interests of
concision.

Consider now a large positive number N, and a sufficiently small positive number 7. We consider an
integer n satisfying (1 — 7)N < n < N. In view of the above discussion we may suppose that for i = 1
or 2 the discriminant —3D; is not a square. Henceforth we suppose that —3D5 is not a square. Choose
an admissible point (£1,7;) for ®;. Plainly, we may also choose real numbers &a, 75 satisfying

Q1 (&1,m) + Pa(€2,m2) = 1. (7.3)

Moreover the non-vanishing of the discriminants D; ensures that we may make a non-singular choice
for £ and 1, whence we may suppose that for at least one of i =1 or ¢ = 2 one has

8_§(£7L777i) #0 or 8—77(&,777;) # 0. (7.4)
Define the box
B={(mn):[§—&|<7and [n—mn| <7} (7.5)

Let P = N'/3, and consider the exponential sum

fla)= 3 eladsy(r.y)).

(z,y)ePB
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Choose a prime p with P10 < p < 2PY19 write Q = P/p, and define g(a) as in (6.5). Further, define

p(n) = / F(e)g(pPa)e(—an)da. (7.6)

Then by orthogonality one finds that p(n) counts solutions of the equation (1.3) with a certain non-
negative weight. We aim to show that for each large N, one has p(n) > 1 for all but O(N?299/210+¢) of
the integers n € W with (1 — 7)N < n < N, so long as 7 is sufficiently small. Theorem 2 will follow
from the latter conclusion so long as we are able to show that YV has positive density.

Before describing the first step in our analysis, we require some notation. We define S;(¢,7) (j = 1, 2)
as in (6.12). We also define w(3; Q) as in (6.13), and write

o(5; P) = / /P e (a(&m) ded (7.7)

We then define the singular integal J(n) by
Ty = [ o(8: Pyo(; P)e(~5n)ds. (78)

Finally, we define the singular series &(n) by
&(n) =Y ¢ *Agn), (7.9)
q=1

where

A(g,n) = Z S1(q,7r)S2(q,r)e(—rn/q). (7.10)

=1
(T,q):l

Lemma 7.1. In the notation introduced above, one has

3 Joln) —p 2T ()& ()| < Q7.

1<n<N

Proof. Before launching into the proof proper, we arm ourselves with a little notation. For the sake of
concision, write L = P/, When 7 € Z and q € N, define the major arc M(q, ) by

M(q,r) = {a€[0,1):|ga —r| < LP73}.

We take 91 to be the union of the intervals M(q,r) with 0 <r < ¢ < Land (r,q) = 1. Let m = [0, 1)\ 9.
Next, when r € Z and ¢q € N, define the wider major arc D(q,r) by

N(g,r) = {a€[0,1):|ga—r| < L'P3}.

We take 91 to be the union of the intervals M(q,r) with 0 <r < ¢ < L*and (r,q) = 1. Let n = [0, 1)\ .
Finally, when 98 C [0,1), put

o1, %B) = /% f(e)g(pPa)e(—an)da.

We first estimate p(n,m) in mean square. By Bessel’s inequality we have
> lotmm) < [ [f(@)gba)Pda. (711)
nez m

In order to estimate the latter mean value, we start by dissecting m as n U (91 \ 21), and note that
Lemma 5.2 yields the estimate

/ ‘f(a)g(p3a)‘2 da < Q°Fe. (7.12)
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We next conduct a pruning operation, establishing a similar estimate to that provided by (7.12) with
O\ M in place of n. When r € Z and ¢ € N satisfy 0 < r < ¢ < L* and (r,q) = 1, define f*(a) for
lgqoa — 7| < L*P~3 by

f*(a) = ¢ %82(q,m)v (a - g; P) : (7.13)
Also, define g; () as in (6.15). Then, as in the argument of §6 leading to (6.16), when a € N(q,7) €N

one has
g(p*a) —gi(a) <1 and f(a)— f*(a) < Peg/2

Hence, when o € M,
|f(04)‘2 < |f*(04)‘2 4+ p2erd < |f*(a)|2 +P12/5+€,

and similarly,
9P a)|* < lgp (@) +1.

Consequently, trivial bounds for f*(«) and g;(a) now suffice to confirm that whenever a € 91, one has
F@)gpa)* < |f*(a)gy(a)l* + PP/ Q"

The measure of M is O(L3P~3), and thus we deduce that

/sn\zm |f(oz)g(p3a)|2 da < /n\sm ‘f’k(&)g;(a)}2 do 4+ PY/5+eQ?, (7.14)

We next recall that w(p®8; Q) = p~2w(B; P), and estimate w(S; P) by Lemma 3.3. Then by (6.13),
(6.15) and (7.13), we obtain

* * 2 —2
| Ir@g@Pd<piot Y B [ (@) as (7.15)
I\M 1<g<L* B(a)
where .
_ 2
By(q)= > q ®|Si(q,rp*)Sa(q,7)|",
(=1
and
R, when ¢ > L,

Fla) = { R\ [~¢~'LP~3,¢"'LP~3], when1<q<L.
Note that B,(¢) is a multiplicative function of ¢. For each ¢ € N there is a unique decomposition
q = qoq192, where qg, q1 and ¢o are pairwise coprime, and where ¢ is cube-free, ¢o is cube-full,
(q192,6D1D3) = 1, and whenever p|gy one has p|6 D1 Dy. When p 1 ¢, it is a consequence of Lemma 2.6
that

By(q) < ¢ g5 a0’ (7.16)

Meanwhile, when ¢ is a power of p we estimate S;(q,rp?) trivially. Thus, since p > 6D Dy when P is
large, it follows from Lemmata 2.4 and 2.5 that

B,(p) < p L, Bp(pz) <p~? and Bp(pl) < p_l/3 (1>3). (7.17)

By considering the formal Euler product, for example, one readily deduces from (7.16) that the series

oo

Z qup(Q)

g=1
(¢,p)=1

is absolutely convergent for # < 1. Then on noting that p > L, and making use of (7.17), we deduce
that

Y. aBylg) <L° and ) Bylg) < L. (7.18)
1<q¢<L L<q<L*
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On substituting (7.18) into (7.15), therefore, we arrive at the estimate

/m\m ‘f*(a)QZ(a)\Q do < P! Z B,(¢)min {1,q/L} < Q°**. (7.19)

1<q<L*

On combining (7.11), (7.12), (7.14) and (7.19), we may conclude thus far that

> lp(n,m)* < Q7. (7.20)
nez

Our next step is to compare p(n, M) with

= /zm [ (a)g,(a)e(—an)da. (7.21)
By Lemmata 2.3 and 3.4, whenever a € 9t one has
flo) ~ (@) < PLY? and glop?) - gi(a) < 1.

Hence, for a € 9N,
fla)g(ap®) — f*(a)gs(a) < PHeQ2L1/2,

Since the measure of M is O(L?P~3), therefore, another application of Bessel’s inequality yields

> lpn, M) — p* () < [ [f(@)g(ap®) — 1 (@)gi(e)] da
m

nes
< (P1+5Q2L1/2)2 P32 < O,
and thus it follows from (7.20) that

> lpn n)|* < Q<. (7.22)

nez

We now extract a main term from p*(n). In view of our choice for p, whenever 1 < g < L one has
p 1 q, and hence Si(q,7p?) = Si(q,7). It therefore follows from (6.15) and (7.13) that (7.21) may be
rewritten in the shape

q—lLP—B

p =2 Y A [ v(B; P)w(B; P)e(~Bn)dp. (7.23)

1<q¢<L q 'LpP—?

where 2(g,n) is defined by (7.10). Further progress on the estimation of (7.23) now depends on an
estimate for 2((q, n) superior to that which follows immediately from Lemma 2.6. We presently establish
the estimate

A(g,n) < "> @3y > (q,n)"/?, (7.24)

where ¢ = ¢pq1g2 is the decomposition introduced in the preamble to (7.16). The proof of (7.24) depends
on a suitable transformation of (7.10). Let ¢ be an integer with (¢,¢) = 1. Then since t3®;(z,y) =
®,(tx, ty) (7 = 1,2), a simple substitution in (6.12) yields S;(¢,r) = Sj(g,t*>r). On substituting the
latter into (7.10), and substituting also r for occurrences of rt3, we deduce that A(q,n) = A(q,>n),
where [ satisfies [t = 1 (mod ¢). Consequently, on summing over the values of | with (I,q) = 1, we
deduce that

q q
@)A(gn) = > AgPn)= Y Si(g,r)S2(q,7)U(g, —rn), (7.25)
(=1 (=1
where .
Z e(bl®/q).

=1
(Lg)=1
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Plainly,

q b
o= o (2 b
@8)=(25) (4,0)" (g,0)
Moreover Lemma 1.3 of Hua (1938) shows that whenever (q,b) = 1, one has U(q,b) < ¢'/?>*¢. We
therefore deduce that whenever (r,q) = 1, one has the estimate

U(g,mn) < ¢"/**<(q,n)"/?,

and thus (7.24) follows from (7.25) together with Lemma 2.6.

For later use, we note also that (g, n) is a multiplicative function of ¢q. Further, for primes w with
@ 1 b, Lemma 1.2 of Hua (1938) shows that U(w”,b) = 0 for h > 7, where v = 1 when @ # 3, and
~v = 2 when w = 3. For a given non-zero integer n, let v(w) be the exact power of w dividing n. Then
it follows that when (r,@) = 1, one has U(w",rn) = 0 whenever v > v(w) + 2 and w # 3, and that
U(3”,rn) = 0 whenever v > v(3) + 3. Thus we conclude from (7.25) that

Ww”,n)=0 for v>ko(w,n)+1, (7.26)

where ko(w,n) = v(w) + 1 when w # 3, and ko(3,n) = v(3) + 2.

We now continue our investigation of (7.23). As a first step we replace the integral in (7.23) with
the integral J(n) defined by (7.8). For each X > 0 one readily confirms by means of Lemmata 2.7 and
3.3 that

/ [v(8; P)w(B; P)|df < P4<10gp)2/ (1+P8) " dp
XP-3 ps
< P in {1, X720} (7.27)
We take X = L/q, and thus deduce from (7.23) that
o (n)— p2T() Y g U(g,n) < PHEL 2By (n), (7.28)
1<q¢<L
where
Z q—10/3‘ﬁ(q,n)’_ (7.29)
1<q<L

The next step is to complete the singular series. We note first that in view of our notational
conventions, an elementary estimation shows that the series

S daide”? (7.30)

converges whenever 6 < —3. Consequently, on using the trivial estimate (¢,n) < n in (7.24), we deduce
that for every non-zero integer n the series defined by (7.9) for &(n) converges absolutely. Write

Ba(n) = &)= > g7 lg,m)|= |3 aAam). (731)

1<q<L ¢>L
By (7.8) and (7.27) one has J(n) < P'*¢, and thus by (7.28) we deduce that
p*(n) —p~2J(n)S(n) < p~2PEL"23E (n) + p 2P Ey(n). (7.32)

We now estimate F4(n) and E3(n) in mean square. An elementary argument provides the estimate

> (g,n)P(d' ) ? < d(q)d(q)N,

1<n<N
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and hence by (7.24) and the convergence of the series (7.30) for § < —3, we may conclude from (7.31)

that
2

S B < PP ¢ TPgda” | < PPeLL (7.33)
1<n<P3 ¢>L

A similar argument applied to (7.29) yields the bound

> Ei(n)> < P¥ELYP (7.34)
1<n<P3

On substituting (7.33) and (7.34) into (7.32), we reach the conclusion

ST [t () —p RIS ()" < PPHEpTILT < QOFF,
1<n<P3

so that on recalling (7.22), the proof of the lemma is complete.

The proof of Theorem 2 will be completed by deducing suitable lower bounds for J(n) and &(n). In
view of (7.3)-(7.5), routine arguments based on Fourier’s integral formula (see, for example, Davenport
(1959)) readily confirm that

J(n)> P (7.35)

for each n satisfying (1 — 7)N < n < N, provided that 7 > 0 is sufficiently small. Since the details are
standard, we omit them in the interests of saving space. The singular series presents a more challenging
problem, and this hurdle we surmount in the following lemma.

Lemma 7.2. Let X be a real number with 1 < X < N, and let W denote the set of integers defined in
the statement of Theorem 2. Then the inequality &(n) > X1 holds for all but O(N'* X ~1/3) integers
n € W not exceeding N .

Proof. We begin by rewriting G(n) as the Euler product

&(n) = [J(1 + x(=,n)), (7.36)

w

where, by (7.9) and (7.26),

ko(w,n)

X(w,n) = Z w R A (w” n), (7.37)
k=1

and ko is defined following (7.26). Let M (q,n) denote the number of solutions of the congruence (1.2)
with 1 < x;,y; < ¢ (i =1,2). Then by a standard argument (see, for example, Lemma 2.12 of Vaughan
(1997)), one obtains for each K the relation

K
Z w U (w® n) = w3 EM (¥, n), (7.38)
k=0

and in particular, in view of (7.37),
14 x(w, n) = w3k (@) pf(3ko(@n) p). (7.39)

It follows that &(n) is real and non-negative.

It remains only to bound &(n) from below, for n € W. In order to achieve such a bound, we consider
the individual factors in (7.36). Suppose first that @ 1 3n. Then ko(w,n) = 1, and (7.39) yields
1+ x(w,n) > w3 for n € W. By (7.37) and (7.24), moreover, for primes w of the latter type one has
Ix(w,n)| < w32, Thus we deduce that

IT +x(=.n) > 1,

wt3n
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where the implicit constant depends at most on D; and Dy. Now suppose that w|n, but w 1 6D D,.
In this case we deduce from (7.10), (7.24), (7.37), together with Lemmata 2.4 and 2.5, that for some
positive constant C' one has

¢

81 1 >
X(@,n)| < =+ = +3C) o<
() () 3 ()

We may suppose without loss of generality that C' > 6 max{|D1],|D2|}, and then deduce that

[T @+ x(@n) > [[ (1-C/m)> (loglogn)~©. (7.40)
w|n w|n
w>C w>C

Continuing to work with this constant C, we define now the function

s(n) = H w”. (7.41)
w"||n

w<C

When n € W, it follows from (7.39) that

[I G+ x(@n) = [[ == > @sn)™® [[ @ > s(n)~*. (7.42)
w<C w<C w<C
w|3n

Combining the conclusions (7.40) and (7.42), we discover that for each n € W one has
&(n) > (logn) ts(n)~3, (7.43)

where the implicit constant depends at most on the discriminants D; and Ds.
Next let Z satisfy 1 < Z < N, and consider

Z=card{1<n<N:s(n)>2Z}. (7.44)

Let S denote the set of integers not exceeding N all of whose prime factors are at most C' in size. Then
plainly card(S) < (log N)¢, and thus, on recalling (7.41) we have

Zchard{lgngN:s(n):s}

sES
s>7

N
<) card{l <n < N:sn} < — (log N)¢. (7.45)

ses
s>Z

To complete the proof of the lemma we have only to collect together (7.43), (7.44) and (7.45), and put
Z = B(X/log N)'/3, for a suitable positive constant B.

Finally, we prove that WV has positive density by constructing a fixed arithmetic progression contained
in W, thereby establishing the first claim of Theorem 2.

Lemma 7.3. The set VW contains an arithmetic progression with modulus depending only on the dis-
criminants D1 and D>.

Proof. We write
Qi(z,y) = ajx3 + bszy + cjxy2 + djy3 (i=1,2),

and denote the highest common factor of the eight coefficients aj,b;,c;,d; (i = 1,2) by K. We may
suppose that K = 1, for otherwise we may consider the integers represented in the form

K1 (@1 (z1,51) + Pa(22,92)) (7.46)
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and if it were known that the congruence conditions were satisfied for the form (7.46) for a positive
proportion of the integers, then of course the same is true for ®;(z1,y1) + P2(x2, y2).
We consider next a fixed prime w, and aim to construct a non-singular solution of the congruence

Oy (x1,y1) + Po(z2,92) =n  (mod w), (7.47)
that is, a solution of (7.47) for which at least one of the partial derivatives
0P; 0P,
d =1,2
833@' an ayz (Z ) )7

does not vanish.
Suppose first that w { 601 D2. Then by (7.10) and Lemma 2.4, one has

|A(w,n)| < 81(w — 1)w?,
and so (7.38) shows that whenever w > 100, one has
M(w,n) > @ — 8lw(w — 1) > 1=°. (7.48)

However, the solutions of the congruence (7.47) singular modulo @ must also satisfy the simultaneous
congruences

3ajm? +2bjz;y; + cjy? = bj:z:? + 2cjxy; + 3d]-y§- =0 (mod w) (j=1,2). (7.49)

But if w does not divide any of the coefficients in (7.49), then the congruences (7.49) possess at most
O(w) solutions with 1 < x;,y; < w, for each of j = 1 and 2. It follows that for any integer n, the total
number of solutions to the congruence (7.47) singular modulo @ is at most O(w?), whence by (7.48)
there exists a positive constant C' such that, for all w > C, the congruence (7.47) possesses a solution
non-singular modulo w. By a standard application of Hensel’s Lemma, therefore, we deduce that for
each w > C', and for all natural numbers k and integers n, one has

M(w®,n) > w31, (7.50)

Consider next the primes w with 3 < w < C. On recalling that K = 1, we have that w does
not divide all of the coefficients of the four polynomials in (7.49), and therefore at least one of these
polynomials does not vanish identically modulo w. We may therefore pick integers (z;(w),y;(w))
(7 = 1,2) for which at least one of the four congruences (7.49) fails. Write

no(w) = @1(z1(w), y1(w)) + Pa(22(w), y2(w@))-

Then all integers n = ng(w) (mod w) admit a non-singular solution to (7.47), by construction. Thus,
for all k& > 1 and each n = ng(w) (mod w), Hensel’s Lemma again yields M(w”,n) > 1. When
w = 2 or w = 3, the above argument is readily modified by considering congruences modulo 8 and 27
respectively, such moduli being required to lift solutions of the cubic congruence to higher powers of 2
and 3, respectively. On recalling (7.50), it follows that the arithmetic progression defined by n = ng(w)
(mod w) (3 < w < (), and n = np(8) (mod 8), n = ne(27) (mod 27), is contained in W. This
completes the proof of the lemma.

Our preparations complete, we now deliver the coup de grace by popping Theorem 2 into the back
of the net. By Lemma 7.2 and (7.35), we have

p2J(n)&(n) > p ?PX ! (7.51)
for all but O(N1'+¢ X ~1/3) of the integers n € W with (1—7)N < n < N. By Lemma 7.1, the inequality
lp(n) = p~2J(n)&(n)| > p~*PX " (log P)~"

can hold for at most £ natural numbers n with 1 <n < N, where
E<LQ (P 2P X )2 <« NIt X2y « NI-wote X2, (7.52)

We choose X = N/ and conclude from (7.51) and (7.52) that p(n) > p~2P57/70 for all n € W with
(1 —7)N < n < N, with the exception of at most O(N?299/210+¢) integers. The claimed bound on the
exceptional set recorded in Theorem 2 then follows by a standard argument, dividing up the interval
[1, N] into subintervals of the shape [(1 — 7)N’, N’]. We have thus scored our final goal of establishing
Theorem 2.
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