ON WEYL’S INEQUALITY, HUA’S LEMMA, AND
EXPONENTIAL SUMS OVER BINARY FORMS

TREVOR D. WOOLEY™

1. INTRODUCTION

The remarkable success enjoyed by the Hardy-Littlewood method in its application to diagonal dio-
phantine problems rests in large part on the theory of exponential sums in a single variable. Following
almost a century of intense investigations, the latter body of knowledge has reached a mature state
which, although falling short of what is expected to be true, nonetheless suffices for the majority of
applications. By contrast, exponential sums in many variables remain poorly understood, and conse-
quently applications of the Hardy-Littlewood method to problems concerning the solubility of systems
of forms in many variables are fraught with difficulties. While the methods of Weyl and of Vinogradov
have been extended to estimate exponential sums in many variables (see, in particular, Arkhipov and
Karatsuba [1], Arkhipov, Karatsuba and Chubarikov [2], Tartakovsky [26], Davenport [11], [12], [13],
[14], Birch [4] and Schmidt [25]), in almost all circumstances the strength of the ensuing estimates is
considerably inferior to that of corresponding estimates for Weyl sums in a single variable, and moreover
one is obliged to work under various hypotheses of a geometric nature. Indeed, it is only for exponen-
tial sums over polynomials diagonalisable over C, and non-singular cubic polynomials and their close
kin, that we have estimates of strength to match those for corresponding exponential sums of a single
variable (see Chowla and Davenport [10], Birch and Davenport [5], Heath-Brown [20] and Hooley [21],
[22], [23]). The purpose of this paper is to develop estimates for exponential sums over binary forms
of strength comparable to the best available for corresponding exponential sums of a single variable,
and, moreover, without any serious geometric hypotheses on the form. Since binary forms of degree
exceeding 3 in general fail to diagonalise over C, it should be evident that our conclusions go beyond
those of Birch and Davenport [5]. Our hope is that the methods described herein may spawn ideas for
improved treatments of exponential sums in many variables.

Before describing our main conclusions we require some notation. Suppose that ®(x,y) € Z[z,y] is a
binary form of degree d exceeding 1. Then we say that ® is degenerate if there exist complex numbers
a and 3 such that ®(x,y) is identically equal to (ax + By)¢. It is easily verified that when ®(x,y) is
degenerate, then there exist integers a, b and ¢ with ®(z,y) = a(bx + cy)?. Our first theorem, which
we establish in §3, provides an analogue of Weyl’s inequality for exponential sums over non-degenerate
binary forms. Throughout, we write e(z) for e?7**,

Theorem 1. Suppose that ®(x,y) € Zlz,y| is a non-degenerate form of degree d>3. Let o € R, and
suppose that there exist r € 7 and ¢ € N with (r,q) = 1 and |a — r/q|<q™2. Finally, suppose that P
and @ are real numbers sufficiently large in terms of the coefficients of ®, and satisfying P < (). Then

for each € > 0, one has

SN ela®(z,y) < PP+ P g
1<z<P 1y<Q

We remark that the conclusion of Theorem 1 is identical with that following from the classical version
of Weyl’s inequality (see, for example, Lemma 2.4 of Vaughan [27]) in circumstances where ®(z,y) is a
diagonal form. Moreover Theorem 1 of Chowla and Davenport [10] establishes the same conclusion as
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Theorem 1 above in the special case where ®(z,y) is a binary cubic form with non-zero discriminant.
In cases where d > 3, meanwhile, the conclusion of Theorem 1 provides substantially sharper estimates
than would be available through the work of Birch [4] and Schmidt [25]. When d is larger than 12 or
s0, a trivial argument employing Vinogradov’s methods yields an estimate superior to that provided by
Theorem 1. We discuss such estimates briefly in §8 below.

The differencing process which leads to the estimate recorded in Theorem 1 may be employed in a
familiar manner to establish mean value estimates for exponential sums over binary forms analogous
to Hua’s Lemma. The details of such a treatment, unfortunately, require knowledge concerning the
number of integral points on certain affine plane curves. Our current state of knowledge on such topics
being incomplete, our conclusions are somewhat weaker than would otherwise be the case. Following
some preliminaries in §§4 and 5, we establish our analogue of Hua’s Lemma in §§6 and 7.

Theorem 2. Suppose that ®(x,y) € Z[x,y] is a non-degenerate form of degree d=3. When d =3 or 4
and j is an integer with 1<j<d, or when d=5 and j =1 or 2, one has for each positive number € the
bound

1 2i—1 i
/ﬁ S elad(o,y)| da< PP
0 oga,y<P

When d=5 and j is an integer with 1<j<d — 1, then for each positive number € one has

A (ad(z,))

oLz, y<P

271 .
J_ ;41
do < P —itate,

Finally, when d=5, for each positive number € one has

5 od
/ e(ad(e,g))| *" da < PRt
0

oLz, y<P

and

! 152" 95d
/ ‘ Z e(ad(z, y))‘ da < Ps? —dte,
0 o<z y<P

In circumstances where ®(z,y) is a diagonal form, the conclusion of Theorem 2 is identical with the
classical version of Hua’s Lemma for d = 3,4 (see, for example, Lemma 2.5 of Vaughan [27]), and a
little weaker by comparison with this diagonal situation when d>5. Whereas Theorem 2 requires %2d
copies of the generating function in order to obtain an optimal mean value estimate, the classical version
of Hua’s Lemma for diagonal forms would require only 2¢~!. This discrepency would be remedied by
improved knowledge concerning the number of integer points on certain affine plane curves. Indeed, by
rather involved considerations of absolute irreducibility criteria based on a division into many cases, it
is possible to improve certain of the above exponents to a small extent. Such arguments being rather
lengthy and technical, and in any case limited in their application, we have chosen to present the main
thrust of our ideas and defer any such considerations to a possible future occasion. We note that when
d = 3 and the underlying form has non-zero discriminant, then one may establish the main conclusion
of Theorem 2 through the methods of Chowla and Davenport [10] (see Lemma 4.1 of Briidern and
Wooley [9]). Finally, when d is larger than 11 or so, it is possible to apply a trivial argument involving
Vinogradov’s methods in order to obtain conclusions superior to those stemming from Theorem 2. We
discuss such estimates in §8 below.

As our first application of the new estimates provided by Theorems 1 and 2, in §9 we consider
the solubility of homogeneous diophantine equations which split as sums of binary forms. In order to
contain our deliberations within this paper, we illustrate our ideas with a relatively simple conclusion
typical of the kind attainable through the methods of §9.

Theorem 3. Let d be an integer with d>=3, and define so(d) by

2¢=1 " when d = 3,4,
so(d) =

9 5d
162 when d>=5.
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Let s > so(d), and let ®; € Z[z,y] (1<j<s) be homogeneous forms of degree d with non-zero discrimi-
nants. Let N (P) = Ns(P; ®) denote the number of solutions of the diophantine equation

Cbl(xlvyl)+"'+q)s<x5ays):07 (1'1)

subject to |z;|<P and |y;|<P (1<j<s). Then provided that the form ®i(x1,y1) + -+ + Pg(xs, ys) is
indefinite, one has

Ns (P; (I)> — CGP2s_d + Oq> (P2s—d—6),

for some positive number §, where C denotes the volume of the (2s — 1)-dimensional hypersurface de-
termined by the equation (1.1) contained in the box [—1,1]°, and & denotes the singular series Hp Up,
where the product is over prime numbers, and

vp = lim ph(lf%)MS(ph; D),

h— 00

in which My(p"; ®) denotes the number of solutions of the congruence
(I)l($17y1)—|—"'—|—q)s($s,ys)EO (HlOd ph)7

with 1<z, y; <pt (1<5<s).

Corollary. Under the hypotheses of Theorem 3, whenever
s > max{so(d), d*},
and the form ®1(x1,y1) + -+ + Ps(xs,ys) is indefinite, one has

P%=d <4 N, (P; ®) < P24,

An examination of the methods employed in §9 in the course of the proof of Theorem 3 will reveal
that there is no difficulty in principle in obtaining an asymptotic formula for the number of solutions
of the equation (1.1) satisfying (x,y) € DP N Z?%, for any convex subset D of R?*. Indeed, with extra
effort the condition that the forms ®; have non-zero discriminant can also be removed, so long as the
forms are at least non-degenerate. We have imposed the condition that the discriminants be non-zero
in the statement of Theorem 3 in order to avoid discussion of possible singularities, but this is an
entirely technical consideration. We remark that for larger d the permissible so(d) may be reduced in
line with the discussion of §8 below. In particular, when d is large, the main conclusion of the corollary
to Theorem 3 holds with s = d?(logd + loglogd + O(1)). Further, we note that the condition in the
corollary that s exceed d? is imposed purely to guarantee the existence of non-singular p-adic solutions
of the equation (1.1) for each prime p. We note that sg(d)>d? for d>6, and moreover that results on
additive quintics in the literature enable the hypothesis of the corollary to be relaxed when d = 5 to the
condition that s > 18. Presumably the expression d? in the statement of the corollary can be replaced
by %d2 (at least for odd d), but at this time there appears to be no work in the literature concerning the
local solubility of equations of the shape (1.1) for d>4. When d = 3, of course, it follows from Theorem
1.1 of Briiddern and Wooley [9] that for each positive number €, one has

PP7f <. o Ny(P; ®) <. 0 P°Te.

Finally, we note that the techniques discussed in §9 may be applied also to establish that all large
integers n satisfying the necessary local solubility conditions are represented non-trivially by a sum of
s non-degenerate binary forms of degree d, provided only that s > so(d). Thus we make a non-trivial
contribution to Problem 31 of Lewis [24].

A second application of Theorem 1, which we discuss in §10, concerns small values of binary forms
modulo one. When 6 € R, we write ||0|| for minyez |6 — y|.
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Theorem 4. Let d be an integer with d>3, and let ®(z,y) € Z[x,y] be a non-degenerate homogeneous
form of degree d. Suppose that « is a real number, and § is any positive number. Then there is a real
number N (§,d) such that whenever N>N(6,d), one has

min ||oz<I>(m,n)||<N5*22_d.
1<mnN

The conclusion of the theorem is of the same strength as would be attained via classical methods
(see Baker [3]) for diagonal forms. We remark that by fixing one of the variables in the binary form to
be a multiple of the other, the methods of Wooley [32] yield sharper conclusions than those of Theorem
4 when d exceeds 8 or thereabouts.

It transpires that unpleasant subcases must be negotiated in our proofs of Theorems 1 and 2, and
the ensuing complications obscure the simple ideas motivating our proofs. It may therefore be helpful
to sketch the argument underlying the simplest case considered in Theorem 1. Consider then a binary
cubic form with integral coefficients, say ®(X,Y) = AX3 + BX?Y + CXY? + DY3. Our first idea is
to “complete the cube” to obtain

27A?®(X,Y) =(3AX + BY)? + (9AC — 3B?)(3AX + BY)Y?
+ (27A%D — 9ABC + 2B?)Y?3.

Thus, when A is non-zero, one may make a non-singular linear change of variables to convert the original
form ®(X,Y) into an associated form W(z,y) of the shape ¥(x,y) = ax® + bxy? + cy?, with a # 0.
It transpires that such a transformation is possible, in fact, whenever ®(X,Y’) is non-degenerate, and
indeed one then has that one at least of b and ¢ is non-zero. Moreover, an exponential sum over ®(X,Y")
may be estimated in terms of an associated exponential sum over the polynomial ¥(z,y). We discuss
such transformations in detail in §2. For the purposes of exposition, therefore, it suffices to estimate
the exponential sum
h(a) = Z Z e(a(az® + bry® + cy®)).

[z|<X |yl<X

Since the situation in which b = 0 is the diagonal case accessible to classical methods, we suppose that
b # 0. Our second idea is to use an operation more trivial than Weyl differencing, that is, we apply
Cauchy’s inequality. Thus we obtain

bl « X 3| S elotar® + bay? + )|

lz] <X Jy|<X

=X D Y ) eyl —u3) + ey — u3))). (1.2)

2| <X |y <X |y2]<X

On interchanging the order of summation and employing a simple estimate for the divisor function, one
obtains

e <X > S| Y elaba(y? - 3)

ly1 <X [y2] <X |z[<X

<XP+x™e N min{X, [mal '}, (1.3)
0<|m|<b| X2

and by comparison with the familiar situation of the cubic Weyl sum subject to two Weyl differencing
steps, one obtains the desired analogue of Weyl’s inequality recorded in Theorem 1. For forms of higher
degree, one may proceed similarly to “complete the dth power”, and then apply Cauchy’s inequality.
In a manner analogous to the process visible in (1.2), the corresponding exponential sum has degree at
most d — 2 with respect to one of the underlying variables. When that degree is precisely d — 2, one may
Weyl difference d — 3 times in order to arrive at a familiar situation analogous to (1.3). If this degree
is less than d — 2, however, a more sophisticated approach is required. In any case, the total number of
differencing steps, including the initial “trivial step”, is only d — 2, compared to d — 1 in the classical
treatment, and it is this advantage which is responsible for the relative success of our approach.
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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 &, exponents d and
k, and quantities occurring as subscripts to the latter notations, unless otherwise indicated. We write
f =< g when f < g and ¢ < f. When z is a real number, we write [x] for the greatest integer not
exceeding x. Also, we use vector notation for brevity. Thus, for example, the s-tuple (®q,..., ®)
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.

The author is grateful to the referee for useful comments.

2. INITIAL TRANSFORMATIONS

Let k be an integer with k>3 and let ®(z,y) € Z[z, y] be a non-degenerate homogeneous polynomial
of degree k. Let P and @ be large real numbers with P =< @, and define the exponential sum F(a) =

F(a; P,Q) by
Fla; P,Q) = Z Z (a®(z,y)) (2.1)

1<2<P 1<y<Q

Before advancing to establish our main conclusions we transform the exponential sum F(«) into a
related sum susceptible to our differencing procedure. We begin our discussion with a preliminary
observation which permits us to save effort in our subsequent deliberations. Throughout, we abbreviate
2L ®(z,y) to ®,(z,y) and likewise 8%CID(:zz,y) to @, (x,y).

Lemma 2.1. Suppose that ©(z,y) € Z[x,y] is a non-degenerate binary form of degree k exceeding 2.
Then there exist integers a, b, c,d with the property that
(i) (a c) #0,
(i) bO4(a,c)+dOy(a,c) =0,
(iii) ad — bc # 0,
)

(iv) ©(ax + by, cx + dy) depends explicitly on y.

Proof. Observe that since ©(z,y) is non-degenerate, then a trivial counting argument shows that there
exist integers a and ¢, not both zero, with ©(a,c) # 0. This shows that the property (i) holds. Next,
since the homogeneity of O(x,y) ensures that

10, (2,y) + yO,(z,y) = kO(2,y),

we find from (i) that
aO;(a,c) + cOy(a,c) #0. (2.2)

In particular, therefore, at least one of ©,(a,c) and ©,(a,c) is non-zero. Consequently, there exist
integers b and d, with (b, d) linearly independent of (a, ¢), satisfying the equation

bO,(a,c) + dOy(a,c) = 0.

This confirms property (ii). It follows from the linear independence of (a,¢) and (b, d), moreover, that
ad — bc # 0, whence property (iii) also holds. Finally, since it follows from property (iii) that the
transformation (x,y) — (azx + by, cx + dy) is non-singular, one may conclude from the non-degeneracy
of ©(z,y) that the polynomial ©(ax + by, cxr + dy) must depend explicitly on both z and y. This
establishes property (iv), and concludes the proof of the lemma.

We now relate the exponential sum F'(«) to a related, though simpler, exponential sum. In this
context it is useful, when ®(z,y) € Z[x,y], to describe the polynomial ¥ as being a condensation of ®
when the following condition (C) is satisfied.

(C) We have ¥(u,v) € Z[u,v], and the coefficients of ¥ depend at most on those of ®. Further, the
polynomial ¥(u,v) has the same degree as ®(z,y), and takes the shape

U (u,v) = Au® + BuP~"0' + Z CiuP~Iv7, (2.3)
j=t+1

with AB # 0 and 2<t<k.
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Lemma 2.2. There is a condensation ¥ of ®, a positive integer D depending at most on the coefficients
of ®, and a positive real number X with X < P, satisfying the property that for every real number o
one has

|F(o; P,Q)| < (log X)? sup |H(a/D;B,v: X)),

B,veR
where
H(0;8,v; X Z Z (O (u,v) + fu+ yv). (2.4)
[u| <X Jv|<X

Proof. We begin by recalling the hypotheses concerning ® from the opening paragraph of this section,
and we apply Lemma 2.1 to conclude that there exist integers a, b, ¢, d satisfying the properties (i)—(iv)
with © = ®. Define the polynomial ¥(u,v) by

U(u,v) = ®(au + bu, cu + dv). (2.5)

Then we can write ¥(u,v) in the shape (2.3) for a suitable natural number ¢ with 1<¢t<k, and integers
A, B and Cj (t+1<j<k). By property (i) of Lemma 2.1 with © = ®, it follows from (2.5) that A # 0.
Moreover property (ii) ensures that the coefficient of u*~1v in W(u,v) vanishes, so that one may take
t>2 in (2.3). Furthermore, in view of property (iv) of Lemma 2.1, we may suppose that B is non-zero.
Then we may conclude that the polynomial ¥ satisfies the condensation property (C) above.

Next write A = ad — be, and observe that property (iii) of Lemma 2.1 for © = & ensures that A # 0.
Plainly A depends at most on the coefficients of ®. It follows from (2.1) and (2.5) that

Fla: P.Q) Z Z < <daz;by7ay;cx>).

1<e<P 1<y<Q

On breaking the ranges of summation into arithmetic progressions modulo |A|, we therefore conclude

that
Al |A]

F(a; P,Q) = ZZ Z Z e(0W(Z,W)), (2.6)

where we write § = o/ A, and
z_ =min{(1 —r)/A, (P —r)/A}, zy=max{(1—r)/A,(P—r)/A},
w— =min{(1 —s)/A, (@ —s)/A},  wy =max{(l —s)/A,(Q —s)/A},

Z=d(zA+71)—-bwA+s) and W =a(wA+s)—c(zA+7r). (2.7)
On recalling (2.4), and writing
X = max{[d|P + [b|Q, || P + [a| @}, (2.8)
it follows from (2.6) and (2.7) via orthogonality that
Al A
Fo; P,Q) = ZZ/ / H(0: 8,7 X)M(AB, Ay)dBd,
r=1s=1
where
M(B,7) = Z e(B(bw — dz + (bs — dr)/A) — v(aw — cz + (as — cr)/A)).
z_ <2<zt
w_<w<wy
Consequently,
[F(a; P, Q)| < M(P,Q) sup [H(0;5,; X)], (2.9)
BsveER
where

M(P.Q) = / / min{P, | A(ey — dB)| '} min{Q, [|A(BS — ay)||* }dBdy.

But by exploiting periodicity modulo 1, and making a change of variables, we obtain

1 1
M(RQ)<</0 /0 min{P, [|A7"} min{Q, ||| =" }dAdu < (log P)(log Q).

Thus the proof of the lemma follows immediately from (2.9).

We also require an analogue of Lemma 2.2 suitable for investigating mean value estimates. It tran-
spires that this is almost trivial.
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Lemma 2.3. There is a condensation ¥ of ®, and a positive real number X with X =< P, with the
property that for every natural number s one has

1 1
/ F(a; P,Q) [ da < / |H (o X)[**da,
0 0

where we write

Z Z (O (u,v))

lul <X |v]<X

Proof. As in the argument of the first paragraph of the proof of Lemma 2.2, it follows from Lemma
2.1 that there exist integers a, b, ¢, d satisfying the properties (i)-(iv) with © = ®. As in the proof of
Lemma 2.2, it follows that the polynomial ¥(u,v) defined by (2.5) is a condensation of ®, and moreover

that
/ |F(c; P,Q) lzsda—/ Z Z (W dx—by,ay—cx)/Ak)

1<z <P 1<y<Q

057

where A = ad — be. On considering the underlying diophantine equation, therefore, we find that

/ ]FaPQ|28da<</ Z Z (a¥(dx — by, ay — cx))

1<z <P 1<y<Q

2s

do

< / |H(a; X)|**da,
0

where X is given by (2.8). This completes the proof of the lemma.

3. WEYL’S INEQUALITY FOR BINARY FORMS

Before establishing Theorem 1, we arm ourselves with a technical lemma which provides a minor
elaboration on the conclusion of Vaughan [27, Lemma 2.2]. We provide a proof for the sake of com-
pleteness.

Lemma 3.1. Suppose that X, Y and o are real numbers with X>1 and Y>1. Suppose also that D is
a positive integer, and that a € Z and q € N satisfy |a — a/q|<q™? and (a,q) = 1. Then

> min{Y, az/D| '} < XY(Dg ' + Y + Dg(XY) ") log(2DgX).
1<z<X

Proof. Plainly, it suffices to estimate the sum

S= Y min{XYz™', |oz/D|'}.

1<2<X

But by breaking up the summation into arithmetic progressions modulo ¢D, we obtain

(07

D

-1
(Dgji+ ) } . (3.1)
0<j<X/(¢D) r=1

For each j occurring in the first summation of (3.1), write y; = [aj¢?D] and 6 = ¢« — ga. Then

+ ar ajg?D Or
Y +{Jq }+

D .
D( W+ =705 D 2D
When j = 0 and 1<r<%q, therefore,
o) 1 1| ar
< g2 [ 2] - Lot
HD( aj +7) 2D 2 || qD
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Otherwise, for each j there are at most O(D) values of r for which the inequality

Y; +ar
qD

|5 eoei + 0>

fails to hold. Moreover, one has Dqj 4+ r > q(j + 1) in this case. Thus we deduce that

-1 qD -1
ar XYD Yy +ar
S < g — + E — + E ‘ 2
1<r<q/2 4D 0<j<X/(qD)<q<j +1) r=1 ab )
Dat(y;+ar)
1 X qD
DXYq ! § — D) —=+1 § —
< q ' +1—|—(CL, )<qD+ ) h(a,D)’
0<y<X 1<h<qD

and the desired conclusion follows immediately.

We note that in principle one could break the summation implicit in Lemma 3.1 into arithmetic
progressions modulo D, and then appeal to Vaughan [27, Lemma 2.2]. Unfortunately, however, one
then becomes entangled with sums involving expressions of the shape ||au + 8|| 1. We have opted here
to avoid such annoying complications, minor as they may be.

We recall the Weyl differencing lemma. Let A; denote the jth iterate of the forward differencing
operator, so that for any function ¢ of a real variable «, one has

Ar(p(@); B) = ¢la+ B) — d(a),

and when j is a natural number,

Aji1(d(); Brs -, Big1) = A1(Aj(P(a); Biy ..., B); Bit1)-

We adopt the convention that Ag(¢(a); 3) = ¢(a).

Lemma 3.2. Let X be a positive real number, and let ¢ be an arbitrary arithmetical function. Write

z|<X
Then for each natural number j there exist intervals I; = I;(h) (1<i<j), possibly empty, satisfying
Ii(hi) C[-X, X] and Ii(hi,...,hi) C Lii(hy,.. o hior)  (2<0<)),

with the property that

T(o))¥ <(ax + 1?1 3 0 N T,

hil<2X  |hyl<2X

and here we write

Ti= > e(Dj(d)ha,... hy)).

zel;NZ

Proof. This is a trivial variant of Lemma 2.3 of Vaughan [27].

We are now in a position to prove Theorem 1. Suppose that ®(z,y) € Z[z,y] is a non-degenerate
form of degree k>3, and that W(u,v) is a polynomial satisfying condition (C). Let D be a positive
integer depending at most on the coefficients of ®. We suppose that & € R, a € Z and ¢ € N
satisfy |a — a/q|<q™? and (a,q) = 1, and when X is large we aim to estimate the exponential sum
H(a/D; 3,v; X) defined by (2.4).

We start by considering the situation in which W(u,v) takes the shape (2.3) with ¢ = k, so that for
fixed integers A and B depending at most on the coefficients of ®, one has ¥(u,v) = Au* + Bv¥. Then
by (2.4) we have

H(a/D; B,v; X) = f(Aa/D; 8; X) f(Ba/ D3 v; X), (32)
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where

F0:X) = Y e(nu” + 0u).

lu|<X

Write C' for either A or B, and apply Lemma 3.2 with j = k — 1. Then following a simple calculation
(see, for example, the proof of Vaughan [27, Lemma 2.4]), one obtains for each real number 6 the
estimate

£(Ca/D;6; X) 1

< X2k—1_k Z e Z Z e (%hl e hk_lpk_l(x; h)) s (33)

‘h1|<2X |hk,1|<2X IIZEIk_l
where [;_; is an interval of integers contained in [—X, X], and
pr—1(z;h) = %k!a(%ﬁ +hy+- 4+ hg_1).

The number of terms counted by the summation in (3.3) with hy...hy_; equal to zero is O(X*~1).
Thus, on applying a familiar bound to estimate the sum over x in (3.3), and making use of a simple
estimate for the divisor function, we obtain

|f(Ca/D;6; X)[> <<X2k’l—’“(X’“‘1+XE > min{X,Hha/DH‘l}), (3.4)
1<h<H

where H = |C|k!(2X)*~!. Plainly, when ¢=X* one has |f(Ca/D;0; X)|<2X +1 via a trivial estimate.
When 1<¢ < X*, meanwhile, on recalling that D depends at most on the coefficients of ®, it follows
from (3.4) and Lemma 3.1 that

21—k‘

|f(Ca/D;0; X)| < X1 Te(g7 1+ X4 ¢gX7F) (3.5)

Thus the estimate (3.5) in fact holds no matter how large ¢ may be. We may therefore conclude from
(3.2) that

22—k

[H(a/D:B.v; X)| < X*F (g7 + X714+ qX7F) (3.6)

Consider next the situation in which ¥(u,v) takes the shape (2.3) with 2<t<k — 1. Then for fixed
integers C; (t<j<k) depending at most on the coefficients of ®, one has

U(u,v1) — ¥(u,vy) ZC’ P (0] — ).

Write i
Jy(O;u; X) = Z e(@ZC’juk_jvj +’yv>.

ol<x  j=t

Then following an application of Cauchy’s inequality to (2.4), we obtain

[H(0; 8,7 X)P<@X +1) Y 11,00 X)), (3.7)

lul<X

But Lemma 3.2 yields

LOwX)PT <X ST ST Y elpy (36 ush), (38)

|h1|<2X |ht 1|<2XCC€I,§ 1

where I;_; is an interval of integers contained in [—X, X], and the polynomial p. (z;6;u;h) is defined
by

k
py(2;6;uh) = GZ C’juk_jAt_l(xj; hiyoooyhe—1) + A1 (x5 he, ..y heq). (3.9)

Jj=t
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We remark that the final term depending on v in (3.9) will vanish whenever ¢>3.
On applying Hélder’s inequality to (3.7), we obtain

t—1 t—1 t—1
HO:8,%: X)) <X> 7P | LGwX)
jul<X

and hence we deduce from (3.8) and (3.9) that

HO: 8,7 X)P T < X¥70 37 YT YT K (0 Xihia)l, (3.10)

|h1]<2X [he—1|<2X w€lt 1

where

k
K(0; X;h;x) = Z e(GZC’juk_jAt_l(a:j;hl, . .,ht_1)>.

lu|<X j=t
But now Lemma 3.2 yields
K (0; Xshy )P
< Xx?TTRR N N ‘ Y elbq(y;g,h; @), (3.11)

lg1]1<2X lgr—t—1|<2X y€lp_1—1

where Ij,_;_; is an interval of integers contained in [—X, X], and the polynomial ¢(y; g, h; z) is defined
by
q(y;g.h;2) =CiAp_—1(y* " 8) A_1(z"; h)
-+ Ct+1Ak_t_1(yk_t_1;g)At_1($t+1;h). (312)

Applying Hoélder’s inequality next to (3.10), we deduce from (3.11) and (3.12) that

2k72

[H(6; 8,; X))

<<X2k-—1_2k—t—1_t Z Z Z ’K(Q;X;h;x”zk—t—l

|h1|<2X |ht,1|<2X ZEGIt,l

<x¥7 S N N Y Teig ), (3.13)

|hi]<2X  |he—1]<2X |g11<2X |gr—s—1|<2X @€l

where

T(Q;g,h;x)=’ > G(GQ(y;g,h;:r))‘- (3.14)

yelp 1

We next observe that following a simple calculation (see, for example, the proof of Vaughan [27,
Lemma 2.4]), one has that Ap_;_1(y*~*71;g) is independent of y, and further that

Ak—t—l(?/k_t;g) = %(k — g1 gr—t—12y + g1+ -+ Gr—t—1)

and
At_l(.fﬂt; h) = %t'hl ce ht_l(Q.CC + hl + -+ ht—l)-

Consequently, when the expression
(2$+h1+"'+ht—1)h1---ht—lgl---gk—t—l (315)
is non-zero, it follows from (3.12) and (3.14) that

T(0;g,h;z)
< min{X, |3C(k — )22 + h1 + -+ he—1)h1 ... he—1g1 - .. Gr—t—10]| "'}
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Since there are at most O(X*~2) values of z, g, h counted in the summations concluding (3.13) for
which the expression (3.15) is zero, it follows from (3.13) via an elementary estimate for the divisor
function that

|H(04/D;B,v;X)]Qki2 < XQkil_k<Xk_1 + X° Z min{X, Hhoz/DH_l}>, (3.16)

1<h<G
where G = t!(k — t)!|C;[t(2X)*~!. Plainly, when ¢>X* one has
H(0/D: B,7: X)|<(2X + 1)?

via a trivial estimate. When 1<q¢ < X*, meanwhile, on recalling that D depends at most on the
coefficients of @, it follows from (3.16) and Lemma 3.1 that the estimate (3.6) holds once again. Thus
the estimate (3.6) holds no matter how large ¢ may be.

Finally, we apply Lemma 2.2 to deduce in combination with (3.6) that whenever ®(u,v) is non-
degenerate, then there is a condensation ¥ of ®, a positive integer D depending at most on the coeffi-
cients of ®, and a positive real number X with X =< P, such that

|F(e; P,Q)| < (log X)? Sup, |H(a/D; 3,v; X))
R

< X2+€(q—1 +X_1 +qX—k)

22—k

This completes the proof of Theorem 1.

4. INTEGRAL POINTS ON AFFINE PLANE CURVES

The proof of our analogue of Hua’s Lemma for exponential sums over binary forms depends for its
success on estimates for the number of integral points on affine plane curves. In this section we record
the necessary estimates for later use. Our basic tool is the following result of Bombieri and Pila [7] (we
remark that earlier less precise conclusions would suffice for our purposes).

Lemma 4.1. Let C be the curve defined by the equation F(x,y) = 0, where F(z,y) € Rlz,y] is an
absolutely irreducible polynomial of degree d>2. Also, let N>exp(d®). Then the number of integral
points on C, and inside a square [0, N]| x [0, N], does not exceed

NY4exp(12(dlog N loglog N)'/?).

Proof. This is Theorem 5 of Bombieri and Pila [7].

In most applications of the above lemma, one is forced to enter into non-trivial discussions concerning
the absolute irreducibility of polynomials, but in our present situation we are able largely to avoid such
deliberations by averaging.

Lemma 4.2. Let N denote a non-empty set of integers, associated to each one of which is a positive
real number w(n). Also, let X denote a large real number. Suppose that F(x,y) € Z[x,y] is a non-
degenerate polynomial of degree d>2, and that X is sufficiently large in terms of d. Suppose also that
for some fized positive number A one has that the coefficients of F are each bounded in absolute value
by X4, and moreover that for each element n of N one has |n|<X?A. Let E(X;N) denote the number
of solutions of the diophantine equation F(xz,y) =n, withn € N and (x,y) € [-X, X]> N Z2, and with
each solution (x,y,n) counted with weight w(n). Then for each positive number €, one has

E(X;N) < X1/2te neZNw(n) + X max w(n),

where the implicit constant depends at most on d, € and A, and otherwise is independent of the coeffi-
cients of F.

Proof. Consider some integer n € N. If F(z,y) —n is absolutely irreducible, then the weighted number
B(n) of solutions of the equation F(x,y) = n, with (z,y) € [-X, X]? NZ2, may be estimated by means
of Lemma 4.1. Thus we obtain

B(n) < XY/* w(n). (4.1)
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If F(z,y) — n is not absolutely irreducible, then the non-degeneracy of F(z,y) ensures that in this
instance one has

B(n) < Xw(n). (4.2)

In this latter circumstance, moreover, one may write the polynomial F'(z,y) — n as a product of abso-
lutely irreducible factors, say

l

F(z,y) —n=]]gi(=v) ][ (), (4.3)
k=1

j=1
where [ +m>2, and where g;(z,y) € R[z,y] (1<j<!), and

hk(xay) = Uk(xay) + Uk($7y)\/__1 (1<k<m)7

with ug,vx € Rx,y]. Since hy(z,y) is presumed to be absolutely irreducible, we may suppose that
ug(x,y) and vg(x,y) have no non-trivial polynomial common divisor over C[z,y]. It therefore follows
from Bezout’s Theorem that the number of solutions of the simultaneous equations ug (x,y) = vi(z,y) =
0 is bounded above by d?. By considering real and imaginary components, therefore, the number of
integral solutions of the equation hy(z,y) = 0 is also bounded above by d?. If the degree of g;(x,y)
exceeds 1 for any j, then the absolute irreducibility of g;(z,y) ensures, via Lemma 4.1, that the number of
integral solutions of the equation g;(z,y) = 0, with (z,y) € [-X, X]?NZ2, is O(X'/?*+¢). Consequently,
it follows from (4.3) that the estimate (4.1) can fail to hold only if some g;(z,y) is a linear polynomial.

Suppose then that for some j with 1<j</, the polynomial g;(z,y) is linear. If g;(x,y) is not some
constant multiple of a Q-rational linear polynomial, then since g;(x,y) is necessarily a constant multiple
of a linear polynomial with algebraic coefficients, we deduce that the number of integral solutions of the
equation g;(z,y) = 0 is at most one. For we may remove the constant factor and consider components
with respect to some basis for the field extension containing the coefficients of g;(x,y). Then since
gj(z,y) is not a constant multiple of a Q-rational polynomial, it follows that the integral zeros of the
equation g;(z,y) = 0 necessarily satisfy at least two linearly independent Q-rational linear equations,
whence the desired conclusion follows. Thus far we have shown that if the estimate (4.1) fails to hold,
then necessarily the polynomial F'(z,y) — n is divisible by some Q-rational linear polynomial. We next
examine the set N'* of those n € N for which the latter situation occurs.

Suppose next that ng is an integer satisfying the property that the polynomial F'(x,y)—ng is divisible
by the Q-rational polynomial ax + by + c¢. There is plainly no loss of generality in supposing a, b and
¢ to be integral, and we may choose integers a’ and b’ so that the polynomials ax + by and o’z + b’y
are linearly independent. Write & = ax + by + ¢ and n = a’xz + b'y. Then it follows that there is a
polynomial G(&,n) € Z[£, n], and a positive integer A, such that

A(F(x,y) —ng) = EG(&, 7). (4.4)

Before proceeding further we briefly investigate the dependence of G(£,7) on 1. Observe first that since
F(x,y) is non-degenerate, then necessarily G(&,7n) is explicit in 7. Thus the polynomial %G(f ,m) is
non-trivial as a polynomial in 7, and the set of its coefficients is a non-empty set consisting of certain
non-trivial polynomials in £ of degree at most d — 2. Consequently, the set S of integers &y for which

G(&o,n) is independent of 7 can have at most d — 2 elements. We write Ny for the set of integers n for
which

A(n - nO) = &)G(g(); 7])7
for some &, € S. Note, in particular, that card(Np)<d — 2.
Let n € N*\ Ny, and suppose that n # ng. Then it follows from (4.4) that the number of solutions

of the diophantine equation F'(x,y) = n is bounded above by the number of integral solutions of the
equation

§G(&m) = A(n —no), (4.5)

with £ = ax + by + ¢ and n = o’z + b’y for some (z,y) € [-X, X]?> N Z2. Since n # ng, the number of
divisors of A(n —ng) is O(X¢). Thus there are at most O(X¢) choices for £ satisfying (4.5). Let & be
any one such, and consider the equation

G(&1m) = A(n —no) /&1 (4.6)
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On noting that n ¢ Np, we find that & ¢ S, and hence that G(&1,7) depends explicitly on n. Thus the
number of solutions in 7 of (4.6) is at most d — 1. Consequently, whenever n € N*\ (Ny U {ng}), one
has

B(n) < X°w(n). (4.7)

When n € NyU {ng}, meanwhile, one may apply the estimate (4.2). On recalling that card(Np)<d — 2,
therefore, we conclude from (4.1), (4.2) and (4.7) that

=) B(n)

neN
< X1/2He Z w(n) + X° Z w(n) + X Z w(n)
neN\N* neN*\(NoU{no}) neNoU{no}
<<X1/2+s ;/w +aneaﬁ/—(w(n)

This completes the proof of the lemma.
The situation for quadratic equations is particularly easy to handle.

Lemma 4.3. Let a,b,c be integers with abc # 0, and let S(a,b,c; P) denote the number of integral
solutions of the equation az? + by? = ¢, with |z|<P and |y|<P. Then for each positive number e, one
has S(a,b,c; P) < 1+ (|abc|P)®.

Proof. This estimate is well-known (see, for example, Estermann [17] or Vaughan and Wooley [28,

Lemma 3.5]).

5. HuA’S LEMMA FOR BINARY FORMS: PRELIMINARIES

The object of this and the next two sections is to establish the mean value estimates recorded in
Theorem 2. We begin here with some simplifying observations. Let ®(z,y) € Z[z, y] be a non-degenerate
binary form of degree k>3. In view of Lemma 2.3, in order to establish Theorem 2 it suffices to consider
the situation in which ®(x,y) takes the shape

®(z,y) = Az® + BaFtyt + Z Ciah Iyl (5.1)
J=t+1

with AB # 0 and 2<t<k. When X is a large real number, define

Z Z (a®(z,y)) (5.2)

|lz|<X |y|<X

and write also

F(a; X) = Z e(au®). (5.3)

lul<X

Also, when j is a natural number, write
1 .
[;(X) = / |H(c; X)[* do. (5.4)
0

We establish our most general conclusions by induction, using the following mean value estimate as
a starting point.

Lemma 5.1. When ®(z,y) € Z[x,y| is a non-degenerate form of degree k=3, and X is a large real
number, one has for each positive number € the bound

LX) < X2 -ite (j=1,2).

Proof. In view of (5.4), the case j = 1 follows immediately from the case j = 2 through an application
of Schwarz’s inequality. It suffices, therefore, to estimate I5(X). But by orthogonality, it follows from
(5.2) and (5.4) that

I(X) = M(X), (5.5)
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where M (X) denotes the number of integral solutions of the equation

P(z1,11) = (22, y2), (5.6)

with |z;|<X and |y;|<X (i = 1,2). For each integer h, write r(h) for the number of representations
of h in the form ®(z,y) = h, with |z|<X and |y|<X. Since ®(zx,y) is non-degenerate, one plainly has
r(0) = O(X). We claim that when h is non-zero, one has r(h) = O(X¢), whence it follows from (5.6)
that

M(X) =) r(h)*<r(0)* + (max r(h)) > r(h)
heZ heZ

< X4+ X)) r(h) < X7t
heZ

On recalling (5.5), we find that the conclusion of the lemma follows immediately from the latter bound.
In order to establish the above claim, we write ®(z,y) as a product of irreducible factors over Z[z, y],

say
(z,y) = Vi(z,y)Va(z,y) ... Vr(z,y). (5.7)

If h is a non-zero integer and ®(z,y) = h, then each ¥;(x,y) is a divisor of h. Familiar estimates for the
divisor function therefore show that there are at most O(h®) possible choices for integers d; (1<i<r)
such that dids...d, = h and ¥,;(z,y) = d; (1<i<r). But when a non-zero integer [ has at most ¢
distinct prime divisors, and the degree of W; exceeds 2, then it follows from Bombieri and Schmidt [§]
that

card{(z,y) € Z* : V;(z,y) = I} < (deg(¥;))' ™ < I°. (5.8)

Moreover, one may apply Lemma 4.3 to show that when ¥; has degree 2, one has
card{(z,y) € [-X, X]*NZ* : W;(x,y) =1} < (IX)°. (5.9)

On recalling (5.7), therefore, and noting that r(h) is non-zero only when h = O(X*), we conclude from
(5.8) and (5.9) that
r(h) < (hX)® < X2, (5.10)

except possibly in circumstances where the decomposition (5.7) consists only of linear polynomials.
Suppose that the latter is indeed the case, and further that two of these polynomials are linearly
independent, say ¥; and W,,. Since there can be at most one integral solution to the simultaneous
equations ¥;(x,y) = d; and ¥,,(z,y) = d,,, it again follows that the bound (5.10) holds. The only
remaining case to consider is that in which the decomposition (5.7) satisfies the property that each
U, (x,y) is linear, and is a constant multiple of ¥y (z,y). But then ®(z,y) = (¥ (z,y))*, for some real
number k, and thus ®(z,y) is degenerate. This contradicts the hypotheses of the lemma, and so the
proof of the lemma is complete.

Next we dispose swiftly of the diagonal case.

Lemma 5.2. Suppose that ®(x,y) € Z[z,y| is a non-degenerate binary form of degree k=2 of the shape
(5.1) with t = k. Let X be a large real number. Then for each integer j with 1<j<k, and for each
positive number €, one has

L(X) < X% ite
Proof. In view of (5.1)-(5.3), when t = k one may write
H(o; X) = F(Aa; X)F(Ba; X),

and thus an application of Schwarz’s inequality to (5.4), together with a change of variables, reveals
that for each j with 1<j<k, one has

Ij(X) < </01 |F(Aa;X)|2jda> 1/2 </01 |F(Ba;X)|2jda>1/2

1 )
< / |F(a; X)|% dov.
0
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The desired conclusion therefore follows immediately from the classical version of Hua’s Lemma (see,
for example, Lemma 2.5 of Vaughan [27]).

Consider next the situation in which ®(z,y) takes the shape (5.1) with k>4 and ¢t = k — 1, so that
for some integers a, b, c with ab # 0, one has

®(z,y) = az® + bay" ' + . (5.11)
If ¢ # 0, we may write u = kcy + bx and v = x, and thereby obtain an identity of the form
A®(z,y) = V(u,v),
where A is some non-zero integer, and ¥(u,v) takes the shape (2.3) with AB # 0 and ¢ = 2. In such

circumstances, on writing
GaY)= 3 3 e(a¥(u,0)),
lu| <Y [v|<Y

it follows via the argument of the proof of Lemma 2.3 that for every natural number s, one has

1 1
[ 0P da < [ GGy e,
0 0

where Y is a real number exceeding X by a factor depending only on the coefficients of ®(z,y). We
discuss the situations in which k = 3, or else k>4 and 2<t<k — 2, in §§6 and 7 below. Consequently,
when k>4 and t = k — 1, we may restrict attention to polynomials of the shape (5.11) with ¢ = 0 and
ab # 0.

Lemma 5.3. Suppose that ®(x,y) € Z[x,y] has the shape (5.11) with ¢ =0 and ab # 0. Suppose also
that k=3 and that X is a large real number. Then for each integer j with 1<j<k, and for each positive
number €, one has

L(X) < X¥-ite (5.12)

Proof. The bound (5.12) is immediate from Lemma 5.1 when j = 1,2. Suppose then that j is an integer
with 2<j<k — 1, and that the inequality (5.12) holds. We aim to show that (5.12) holds also with j
replaced by j + 1, whence the upper bound (5.12) holds for each j satisfying 1<j<k.
We first remove the contribution to Ij;1(X) arising from a trivial part of the exponential sum
H(a; X). Plainly,
|H(o; X)| < X + ‘ Z Z e(afaz® + bxyF—1))|.
1|2 <X Jy|<X

Write
h(a; X) = Z e(ay®h).

ly|<X
Then it follows from (5.4) via Holder’s inequality that

271

- 1
[ (X) < X? (X)) + / ’H(a;X) Y > elafaa® + byt da
0 1<]2] <X |y|<X

< X¥ LX)+ X¥TIN(X), (5.13)

where

N(X):/O H(e; X)[P Y |h(bre; X)[* da. (5.14)

1<)z <X

By orthogonality, it follows from (5.14) that N(X) is equal to the number of integral solutions of the

equation
27 —2 27 =2

br Y (i =2 = D (Blus,vi) — B(ti, wi)), (5.15)
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with 1<|z|<X, and with each of y;, 2;, ui, v;, t;, w; (1<i<2772) bounded in absolute value by X. Let
No(X) denote the number of such solutions of (5.15) with the right hand side of the equation equal to
zero, and let N1(X) denote the corresponding number of solutions with the latter expression non-zero.
Then one has

N(X) = No(X) 4 Ny (X). (5.16)

We first estimate No(X). On considering the underlying diophantine equations, and recalling (5.4),
we have

No(X) <<XIj(X)/0 h(c; X)? " dav.

Then on recalling the classical version of Hua’s Lemma (see Vaughan [27, Lemma 2.5]), we find that
when 2<j<k — 1 one has

No(X) < X2 ' —it2te (X)), (5.17)
In order to estimate N7(X) we require some notation. For each integer h, we denote by r(n;h) the

number of representations of the integer n in the form

29-2

n=~h Z(yf_l - Zf_l)a
=1

with |y;|<X and |z;|<X (1<i<2772). Similarly, for each integer n we take R(n) to be the number of
representations of n in the form

27—2

n= Z(‘I)(Uz', v;) — ®(t;, wi)),

i=1
with each of u;, v, t;, w; (1<i<2772) bounded in absolute value by X. Then it follows that
M(X)< > R(n) Y r(nih).

1<|n|<29-1 Xk h|n
|h|<X

Consequently, on recalling an elementary estimate for the divisor function, we deduce from Cauchy’s
inequality that

N1<X><(T%R<bn>2)” ’ <1<n|§-w< ; rim) )
Ihl<X

<<X5<ZR(n)2>l/2<Z Z r(n;h)2>1/2. (5.18)
neZ

n€Z 1< h|<X

But on considering the underlying diophantine equations, it follows from (5.18) that
1 )
Na(X) € X (L (CO)2 (X [ [(es X da),
0

whence, on recalling the classical version of Hua’s Lemma (see Vaughan [27, Lemma 2.5]), we may
conclude that when 2<j<k — 1 one has

Ni(X) < X5 (L0 (X)) V/2(XP —THHe) 12, (5.19)
On combining (5.13), (5.16), (5.17) and (5.19), we arrive at the estimate
L (X) < (X2 XF LX) o XH 3 0R0E(1 ()2,
Consequently, for 2<j<k — 1 it follows from our inductive hypothesis (5.12) that
[1(X) < X2 mi-The L X2 =30H0+e (L (X))12,

whence the estimate (5.12) follows with j replaced by j + 1. The conclusion of the lemma therefore
follows by induction.
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6. HuA’s LEMMA FOR BINARY FORMS: THE INDUCTIVE STEP

We are prepared now for our main assault on the proof of Theorem 2. We consider a non-degenerate
binary form ®(x,y) of the shape (5.1), and we define the exponential sum H(a; X) as in (5.2). In this
section we aim to bound [;(X) for 1<j<k — 1, and so in view of Lemma 5.1 we may suppose without
loss of generality that k>4. In view of Lemmata 5.2 and 5.3, moreover, together with the discussion
preceding the latter lemma, it suffices to establish Theorem 2 only in the cases where ®(x,y) takes the
shape (5.1) with 2<t<k — 2. We henceforth suppose that the latter is indeed the case.

The following lemma establishes the second estimate recorded in Theorem 2.

Lemma 6.1. Let ®(x,y) € Z[x,y] be a non-degenerate form of degree k=5 of the shape discussed above,
and let X be a large real number. Then for each integer 7 with 1<j<k—1, and for each positive number
€, one has

L(X) < X% ~itate,

Proof. The conclusion of Lemma 6.1 when j = 1, 2 is established in Lemma 5.1 above. Hence we restrict
attention to those j with 3<j<k — 1, and aim to show that for each such j one has

LX) < X271 (X) + X2 —itate, (6.1)

The conclusion of the lemma plainly follows from (6.1) by induction, with the estimate I(X) < X?*¢
providing the basis for the induction.

Suppose that j is an integer with 3<j<k — 1. We begin our differencing process by noting that, as
a consequence of Cauchy’s inequality, one has

[H(os X)P < X D (503 X) P, (6.2)
lu|<X

where we write

J(oyu; X) = Z e(ai@uk_ivi), (6.3)

lv]<X

and here we have taken the liberty of defining C} to be B. We divide our treatment into cases according
to the value of ¢.

(a) Suppose that t=j — 1. It follows from (6.3) by Weyl differencing (see Lemma 3.2) that

Jlosu X)P " < XY N 0 NN e(ap(z;ush)), (6.4)

|h1‘<2X ‘hj_2|<2X .Z’Ejj_g
where J;_5 is an interval of integers contained in [—X, X]|, and the polynomial p(x;u;h) is defined by
k
p(l’; U; h) = Z Ciuk_zAj_z(LEZ; hl, ceey hj_z). (65)
i=t

On applying Holder’s inequality to (6.2), we obtain

Hos )PP < X270 Y (asu X)[2 7,
lu| <X

and hence we deduce from (6.4) that
H(o: X))P " < X7 7 F(a), (6.6)
where

Flay= > - > > > elap(x;uh)). (6.7)

|h1|<2X ‘hj,2|<2X |u|<X w€jj72
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On considering the underlying diophantine equations, it follows from (6.5)-(6.7) that

ji—1_ 1 ji—2
L(X) < X% _3/ F()|H(a; X)|¥ da
0
< XY (X)), (6.8)

where J(X) denotes the number of integral solutions of the equation

27 -3

plasush) = (R(u, vr) — Bty wr)), (6.9)
=1

with |u|<X, |z|<X, and with u;,v;,t, w; (1<I<2773) each bounded in absolute value by X, and
|hm | <2X (1<m<j — 2). We divide the solutions counted by J(X) into two types. Let Jy(X) denote
the number of solutions of the equation (6.9) counted by J(X) in which the right hand side of (6.9) is
zero, and let J7(X) denote the corresponding number of solutions in which the right hand side of (6.9)
is non-zero. Then

J(X) = Jo(X) + 7 (X). (6.10)

We first bound Jo(X). By hypothesis, one has that C; is non-zero and that ¢>j—1, and thus it follows
from (6.5) that the polynomial p(x;u;h) is not identically zero. A simple counting argument therefore
shows that the number of integral zeros of p(z;u;h), with |u|<X, |z|<X and |h,,|<2X (1<m<j — 2),
is at most O(X7~1). Consequently, on considering the underlying diophantine equation, one finds from
(6.9) that

Jo(X) < X971 (X). (6.11)

Next we bound J1(X). We begin by observing that our hypotheses concerning C; and j ensure that
one may write p(z;u;h) in the form

k
p(z;u;h) =hy .. hj_g Z D;¢p—i(u;h);(z; h), (6.12)

1=t

where D; is an integer for t<i<k, and D; # 0, and in which each 1;(z;h) is a polynomial with integral
coefficients of degree i — j + 2 with respect to x, and each ¢;_;(u;h) is a polynomial with integral
coefficients of degree k — i with respect to u. Indeed, one has ¢5_;(u;h) = u¥~% (¢t<i<k), but it is
convenient to us for later use to frame p(x;u;h) in a more general shape. In particular, the polynomial
p(x; u; h) has degree k — t>2 with respect to u, and has degree at least one with respect to x.

When n is an integer, denote by R(n) the number of representations of n in the form

273

n = Z(Cb(ul,vl) - CI)(tl: wl)>7

=1

with wg, vy, ¢, w; (1<1<2773) each bounded in absolute value by X. Similarly, when hy,..., hj_o are
integers, denote by r(n;h) the number of representations of n in the form n = p(z;u;h), with |z|<X
and |u|<X. Then in view of (6.9) and (6.12), we find that

S(X)= D, Rm) Y o Y r(nh).
’I’LEZ\{O} h1|n hj_2|’l’L
|h1|<2X [hj—2|<2X
By Cauchy’s inequality combined with an elementary estimate for the divisor function, therefore, we

obtain
Jl(X)<<(ZR(n)2)1/2(X€Z S % r(n;h)2>1/2. (6.13)

nez ne€Z 0<|h1|<2X 0<|hj_2|<2X

On considering the underlying diophantine equations, it follows from (6.13) that

Ti(X) < XL (X)V2((X)2, (6.14)
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where K(X) denotes the number of integral solutions of the equation
F(z1,y1;h) = F(x2,y2; h), (6.15)

with |z;|<X, |y;|<X (i =1,2), and 0 < |h,|<2X (1<m<j — 2), where here we write

K
F(z,y;h) =) Didp—i(z;h)es(y; h). (6.16)

1=t

Consider any fixed one of the O(X?~2) possible choices for h satisfying h,, # 0 (1<m<j — 2). We
claim that the polynomial F'(z,y;h) is non-degenerate in terms of x and y. In order to verify this claim,
we begin by observing that in view of our earlier discussion, one has that the polynomial F'(z,y; h) has
total degree k — j + 2 with respect to x and y, and yet has degree at most k£ — t<k — 7 + 1 with respect
to . Thus the partial derivative

akf Jj+2

is identically zero. But if F(x,y;h) were degenerate, then for some polynomial g(t) € Q[t] of degree
k — j + 2, and for some integers a,b,c, one would have F(x,y;h) = g(ax + by + ¢). Further, since
F(z,y;h) is explicit in both  and y, one necessarily has that neither a nor b is zero. Consequently, if
F(x,y;h) is degenerate in the manner indicated, then one has

8k_j+2 8k_j+2

WF(I, y; h) ax + by +c) = (k—7+2)a" 7124, (6.18)

= gl
where Ay is the leading coefficient of g(t). But the expression (6.18) is non-zero, and this contradicts
our earlier observation that the expression (6.17) is identically zero. Thus F'(z,y;h) is non-degenerate,
as claimed.

Next consider a fixed h with h,, # 0 (1<m<j—2). For each integer n we define w(n) to be the number
of solutions of the equation F(x,y;h) = n, with |z|<X and |y|<X. Since F(x,y;h) is non-degenerate,
it follows that w(n) < X for each n, and moreover one also has

> w(n) < X2, (6.19)

nez

Let N denote the set of integers n represented in the form F(z,y;h) = n. Then in the notation of
the statement of Lemma 4.2, we find that for each fixed h with h,, # 0 (1<m<j — 2), the number of
solutions of the equation (6.15) with |z;|<X, |y;|<X (i = 1,2), is bounded above by

E(X;N) < X1/2+¢ Zw(n) + X maxw(n).

nez
nez
In view of (6.19), therefore, we conclude that
E(X;N) < X5/2+,
whence ' o
K(X) < X2 max B(X; V) < Xitate, (6.20)

On combining (6.8), (6.10), (6.11), (6.14) and (6.20), we arrive at the estimate
2i—1_j ji—1 i+ 2+ 1/2 1/2
LX) < X¥7 79 (X0 (X) + (X7 ) T ((x0)) 2
whence

LX) < X¥ 7 (X) + X¥itate,

Thus the estimate (6.1) does indeed hold, and so in this case we have established the inductive step.
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(b) Suppose thatt < j — 1. In this case we are able to follow the trail laid down in the previous case,
although now the Weyl differencing is performed in two phases. First, by Weyl differencing J(co; u; X)
we deduce from Lemma 3.2 that

|J(oz;u;X)|2t_1 < X2 Z Z Z e(ap(z;u;h)), (6.21)

|h1‘<2X ‘ht 1|<2X586Jt 1

where J;_; is an interval of integers contained in [—X, X]|, and the polynomial p(z;u;h) is defined by

k
p(z;ush) = Z Couf 7 A1 (2' by, ... hy1). (6.22)

i=t
On applying Holder’s inequality to (6.2), we obtain

H(os X)) < X273 [ (asw X)),
lul<X

and hence we deduce from (6.21) that

He:X)? <x* 0 3 0 Y Y K(asX3hua)], (6.23)

|h1|<2X ‘ht_1|<2X IEjt_l

where

K(a; X;h,x) = Z e(ap(z;u; h)).
lul<X

Next Weyl differencing with respect to the second underlying variable, we deduce from Lemma 3.2 and
equation (6.22) that

|2j—t—1

|K(a; X;h,z)
< X2j7t71_j_|_t Z Z Z ap xT;u; g7h)), (6.24)

lg1]<2X lgj—t—1]|<2X u€T;_+_1

where J,_;_1 is an interval of integers contained in [—X, X], and the polynomial p(z;u;g,h) is now
defined by

p(z;u; g, h ZCAJ i1 (T g) Ay (2% h). (6.25)
Applying Hoélder’s inequality to (6.23), therefore, we deduce from (6.24) and (6.25) that

|H(04;X)|2j*2 < X2 Z Z Z ’K(a;X;h’x”Qj*tfl

|h1|<2X |ht_1|<2X r€T_1

< X?7Hig(a), (6.26)
where
Ga)= > - > > > eloplx;ugh)), (6.27)
|h1|<2X |hj 2|<2X meﬂt 1 UEJJ t—1
and here we write
h= (hl,...,ht_l) and g = (ht,...,hj_g). (628)

On considering the underlying diophantine equations, it follows from (6.25)-(6.27) that
LX) < XY 7(X), (6.29)

where now J(X) denotes the number of solutions of the equation

27—3

p(x;u; g, h) = Z(@(ul,vl) — ®(ty,wy)), (6.30)
=1
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with |z|<X, |u|<X, and each of u;,v;,t;,w; (1<I<2773) bounded in absolute value by X, and with
|hm|<2X (1<m<j — 2), under the same convention regarding g and h as in (6.28).

Observe that our hypotheses concerning Cy, j and ¢ ensure that one may write p(z;u;g, h) in the
form

k
plesuig,h) =hy .. hj o Y Digy—i(u; h)eb;(x; h), (6.31)
i=t
where D; is an integer for t<i<k, and D; # 0, and in which each ;(z;h) is a polynomial with
integral coefficients of degree i — ¢t + 1 with respect to x, and each ¢,_;(u;h) is a polynomial with
integral coefficients of degree max{0,k —i — j +t + 1} with respect to u. In particular, the polynomial
p(x;u; g, h) has degree k — j + 1>2 with respect to u, and has degree at least one with respect to x.
A comparison between (6.31) and (6.12), and the associated discussions, reveals that the polynomials
p(x;u;h) and p(z;u; g, h) differ in a manner superficial so far as our method for estimating J(X) is
concerned. Thus, by the argument of part (a) above, mutatis mutandis, one obtains the estimate (6.1)
once again, and this completes the proof of the inductive step.
This completes the proof of the lemma.

7. HuA’S LEMMA FOR BINARY FORMS: THE FINAL STAGES

In order to complete our proof of Theorem 2, we have now only to consider large moments of
H(o; X) and establish the final two estimates of the statement of Theorem 2, together with part of the
first estimate. This we achieve in two stages, first exploiting Lemma 4.3 with a differencing process
of order k£ — 3, and finally making use of Theorem 1 via the Hardy-Littlewood method. In order to
describe these stages in detail, we require some further notation. When X is a large real number and
s is a natural number, define

1
T,(X) :/ |H(o; X)[**dav.
0
Lemma 7.1. Let ®(z,y) € Zlz,y| be a non-degenerate form of degree k=4 of the shape discussed in

the preamble to the statement of Lemma 6.1. Then for each natural number s, and for each positive
number €, one has

Tyora(X) < X2 71T (X) 4+ X2 D7, (X))V/2,

Proof. We begin by Weyl differencing k — 3 times following the pattern of the proof of Lemma 6.1. We
divide into cases.

(a) Suppose that t = k — 2. On recalling (6.6) and (6.7), we find that

|H(a; X2 < X2 R E (), (7.1)

Flay="> - > > > elaplz;uh), (7.2)

[h1|<2X  |he—3|<2X |u[<X x€Tk-3

where

k
plz;ush) = Y Ciu*7"Ay_s(2'; h), (7.3)
i=k—2

and Jj_3 is an interval of integers contained in [—X, X]. Here we again write C; in place of B. On
considering the underlying diophantine equations, it follows from (7.1)-(7.3) that

1
T, s (X) < X2k / F ()| H (s X)[**da
0
< X2TRL (X)), (7.4)

where J(X) denotes the number of integral solutions of the equation

S

p(x;u;h) = Z(Q)(ul,vl) — ®(ty,wy)), (7.5)

=1
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with |u|<X, |z|<X, and with u;, vy, ¢, w; (1<I<s) each bounded in absolute value by X, and |h,,|<2X
(1<m<k —3). We divide the solutions counted by J(X) into two types. Let Jy(X) denote the number
of solutions of the equation (7.5) counted by J(X) in which the right hand side of (7.5) is zero, and let
J1(X) denote the corresponding number of solutions in which the right hand side of (7.5) is non-zero.
Then
J(X) = To(X) + J1(X). (7.6)
We first bound J5(X). By hypothesis, one has that C; is non-zero and that t = k — 2, and thus it
follows from (7.3) that the polynomial p(z;u;h) is not identically zero. A simple counting argument
therefore shows that the number of integral zeros of p(z;u;h), with |u|<X, |z|<X and |h,,|<2X
(1<m<k —3), is at most O(X*~2). Consequently, on considering the underlying diophantine equations,
one finds from (7.5) that
Jo(X) < XF27,(X). (7.7)

Next we bound J7(X). We begin by observing that our hypotheses concerning C; and t ensure that
p(x;u; h) takes the shape
p(z;u;h) = hy .. hg_3F(u,z; h), (7.8)

where

F(u,z;h) = Daxa(u; h)w; (z;h) + Dy x1(u; h)wa (23 h) + Doxo(u; h)ws(x; h), (7.9)

and D; is an integer for ¢ = 0,1,2, and Dy # 0, and in which each x;(u;h) is a polynomial with
integral coefficients of degree i with respect to v and h, and each w;(x;h) is a polynomial with integral
coefficients of degree ¢ with respect to x and h.

When n is an integer, denote by R(n) the number of representations of n in the form

S

n = Z((I)(ul,vl) — (I)(tl,U)l)),

=1

with wy, vy, ¢, w; (1<I<s) each bounded in absolute value by X. Similarly, when hy,..., hy_3 are
integers, denote by r(n;h) the number of representations of n in the form n = p(z;u;h), with |z|<X
and |u|<X. Then in view of (7.5) and (7.8), we find that

Ji(X) = Z R(n) Z Z r(n;h).

neZ\{0} hi|n hi—_3|n
|h1]<2X |hk—3]|<2X

By Cauchy’s inequality combined with an elementary estimate for the divisor function, therefore, we

obtain
Ji(X) < (Z R(n)2> i (XE Z Z e Z r(n; h)2)1/2.

neZ\{0} 0<|h1|<2X  0<|hp_3|<2X

Thus, by considering the underlying diophantine equations, it follows that
T (X) < X5 (Ta(X) V2 (K (X)), (7.10)
where IC(X) denotes the number of integral solutions of the equation
F(z1,y1;h) = F(z2,y2; h), (7.11)
with |z;|<X, |y;|<X (i = 1,2), and 0 < |h,,|<2X (1<m<k — 3), and subject to the condition that
F(z;,y;;h) #0 (1 =1,2).

We next transform the equation (7.11) into a form amenable to the application of Lemma 4.3. First
we rewrite the polynomial F'(x,y;h) in the form

F(z,y;h) = a(y;h)z® + B(y; h)z + ~(y; h), (7.12)

where by (7.9) we have that a(y; h) is a non-trivial linear polynomial in y and h with integral coefficients,
and is explicit in y. For a fixed h with 0 < |h,,|<2X (1<m<k — 3), let K£1(X;h) denote the number
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of solutions of the equation (7.11) counted by IC(X) in which a(y;;h) = 0 for ¢ = 1 or 2. Define the
polynomial A(y;h) by
A(y;h) = B(y;h)* — da(y; h)y(y: h), (7.13)

and let Ko(X; h) denote the corresponding number of solutions of (7.11) in which a(y;;h) # 0 (i = 1,2),
and one has that A(y; h) is identically zero as a polynomial in y. Let C3(X; h) denote the corresponding
number of solutions in which a(y;;h) # 0 (i = 1,2), and A(y; h) is not identically zero as a polynomial
in y, and moreover one has

a(y2;h)A(y1;h) = a(y1; h)A(ys; h). (7.14)

Finally, let £C4(X;h) denote the corresponding number of solutions with «(y;;h) # 0 (i = 1,2), and for
which the equation (7.14) does not hold. Then plainly,

KX)< Y. -+ > D Ki(X;h). (7.15)

0<|h1|<2X  0<|hp_3|<2X i=1

We first bound &1 (X;h). Suppose first that a(y;;h) = 0 for i = 1,2. Since a(y;h) is a non-trivial
linear polynomial in y, it follows that for any fixed h there is at most one permissible choice for y.
Since there are trivially O(X?) possible choices for x, we find that the contribution to K1(X;h) from
this first class of solutions is O(X?). Consider next the remaining solutions for which «(y;;h) = 0 for
at most one value of i. By relabelling variables, we may suppose that a(y;;h) = 0. It again follows
that for any fixed h there is at most one permissible choice for y; satisfying a(y;;h) = 0. Fix any one
of the O(X) available choices for 1, and consider the equation (7.11). Since a(y2;h) is non-zero, it
follows from (7.12) that F'(z2,ys2;h) is explicit in both x5 and y2, and consequently a simple counting
argument reveals that the number of possible choices for zo and y, satisfying (7.11) is O(X). Thus
there are O(X?) solutions of this second type, whence

Ki(X;h) < X2 (7.16)

Next consider solutions counted by Ko(X;h). Since a(y;h) is a non-trivial linear polynomial in y,
it follows from (7.13) that if A(y;h) is identically zero as a polynomial in y, then S(y;h) is divisible
by the polynomial a(y;h). Such is immediate when v(y; h) is non-zero, and when (y;h) is equal to
zero one has B(y; h) = 0, and the desired conclusion again follows. But if 5(y;h) is divisible by a(y; h),
then the vanishing of A(y;h) ensures, by (7.13), that y(y; h) is also divisible by a(y;h). We therefore
deduce that for some non-zero integers k1, ko, and some polynomial in y with integral coefficients, say
d(y; h), one has

k1F(z,y;h) = a(y; h)(kex + 6(y; h))? (7.17)

identically as a polynomial in x and y. Let z2 and y» be any one of the O(X?) permissible choices
counted by Ko(X;h). By hypothesis, one has F(z2,y2;h) # 0. But then it follows from (7.11) and
(7.17) that a(y1;h) and kex1 + d(y1;h) are both divisors of the fixed non-zero integer k1 F(x2,y2;h).
By elementary estimates for the divisor function, therefore, there are at most O(X¢) possible choices
for integers dy and dy with a(y1;h) = di and kaxy + §(y1;h) = do. The first of the latter equations
uniquely determines y1, since a(y; h) is explicit and linear in y, and consequently we obtain x; uniquely
from the second of these equations. Thus we deduce that

K2(X;h) < X2te, (7.18)

Consider next the solutions x, y counted by K5(X;h). On the one hand, if the polynomial equation
(7.14) is non-trivial in y; and ys, then a simple counting argument shows that there are O(X ) permissible
choices for y; and yo satisfying (7.14). Given any one such choice of y, in view of the presumed non-
vanishing of a(y;;h) (i = 1,2), it follows from (7.12) that the equation (7.11) is non-trivial in z; and
x9, whence there are O(X) permissible choices of z1 and z9 satisfying (7.11). Consequently, the total
number of solutions of this type is O(X?). If, on the other hand, the polynomial equation (7.14) is
trivial in y; and ys, then it follows that A(y;h) is a constant multiple of a(y;h). An inspection of
(7.13) therefore reveals that S(y;h) is divisible by a(y;h). But since A(y;h) is at most linear in v,
one finds that S(y;h) is identically zero, and that v(y;h) is independent of y. In view of (7.12), the
equation (7.11) takes the shape

a(yi;h)z? = a(yz; h)a3.
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A comparison between the polynomial a(y; h)xz? and that on the right hand side of (7.17) reveals that
we may now apply the argument concluding the treatment of Ko (X; h) above in order to conclude that
the number of solutions of this type is O(X?"¢). Thus we have

K3(X;h) < X27°, (7.19)

Finally, we provide a bound for 4(X;h). Let x,y be a solution of (7.11) counted by K4(X;h).
Then on recalling (7.12), it follows from (7.11) that

a(y2; h) (2a(y; h)zr + B(yi;h)® — ayi; h) (2a(ys; h)zs + B(y2; b))
= a(y2;h)A(y1;h) — a(y1;h)Ay2; h). (7.20)

By hypothesis, for each of the O(X?) permissible values of y, one has that the right hand side of (7.20)
is a non-zero integer, say N. Fix any one such choice of y, and note that our hypotheses ensure also
that a(y;;h) #0 (i = 1,2). But by Lemma 4.3, the number of solutions of the equation

a(y2; )€ — a(yi;h)n® = N,

with £ and 1 bounded in absolute value by a fixed power of X, is O(X¢). Consequently, the number of
possible x; (i = 1,2) is also O(X¢), and thus we conclude that

K4(X;h) < X27e, (7.21)
On recalling (7.10), (7.15), (7.16), (7.18), (7.19) and (7.21), we find that
T1(X) < (Tos (X)) V2 (XPT1EE)12,
whence by (7.4), (7.6) and (7.7) we have
o (X) < XP LX) + X2 RN (T (X))2,

Thus we have established the lemma when ¢t = k£ — 2.
(b) Suppose that t < k — 2. On recalling (6.26) and (6.27), we find that

|H(a; X)) < X274 1G(a), (7.22)

Gla)=">_ - > > > elap(x;uig h)), (7.23)

‘h1|<2X |hk,3|<2X mEjt_l uejk727t

T

S

where

k
p(z;u;g,h) = Z CilAp_o_+(u" % g)Ar_1 (2 h), (7.24)
i=t

and J;_1 and Jx_o_; are intervals of integers contained in [— X, X|, and here we write
h=(hy,...,h4—1) and g= (h¢...,hk_3). (7.25)

On considering the underlying diophantine equations, it follows from (7.22)-(7.24) that
Toppea(X) < X2 7M1 7(X), (7.26)

where now J(X) denotes the number of solutions of the equation
p(w;usg,h) = (B(uy, vr) — (t, wy)),
=1
with |u|<X, |z|<X, and each of u;, vy, t;, w; (1<I<s) bounded in absolute value by X, and with |h,, |<2X
(1<m<k — 3), under the same convention concerning g and h as in (7.25).
In view of the convention (7.25), our hypotheses on C; and ¢ ensure that the polynomial p(x;u; g, h)

has the form
p(l', u; g, h) = hl cee hk—SF(ua Z; h)7

where F(u,x; h) has the shape (7.9) discussed in the case (a) above. Thus the argument of the previous
section, mutatis mutandis, shows that

T(X) < XF72 L (X) + (XF 1) V(T (X)) V2,

and the conclusion of the lemma again follows, by means of (7.26).
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Lemma 7.2. Let ®(z,y) € Z[x,y] be a non-degenerate form of degree k=4 of the form described in the
preamble to the statement of Lemma 6.1. When k = 4, for each positive number € one has

1
/ |H(o; X)|[*da < X7,
0
and when k=5, for each positive number € one has

1
/ |H (a; X)|762" do < X 82" —htite,
0
Proof. We begin by considering the situation when k¥ = 4. By Lemma 5.1 one has Z;(X) < X?27¢,
whence by Lemma 7.1 it follows that
To(X) < X°Ti(X) + X°/2 (T (X)) V2,

and so

To(X) < X°Fe,

Thus the desired conclusion holds when k = 4. If, on the other hand, one has £>5, then we apply
Schwarz’s inequality in combination with Lemma 6.1 to obtain

1
11362&_1()():/ H(a: X)| 52" da
0

<</1 |H(04;X)|2k*3da) 1/2 </1 |H(a;X)\2k72da> 1/2
’ 0

< (Xg'f—%mgﬂ) 1/2 (X2k_17k+%+5> 1/2

< x 32 -kt2te
Consequently, an application of Lemma 7.1 now yields
—2 —2 1/2
T oo (X) € X2 M T 50 (X) 4 X2 THE0TE (T4 (X))
1/2
<<ngk_k+1+s JrXz’“*?—%(k—l)Jrs (Z%Qkfl(X)) / . (7.27)

One now observes that by means of a trivial estimate for H(«; X), on considering the underlying
diophantine equations, one has

1
Lsor-1(X) = / |H(a;X)|%2kdoz
0
ok—3 1 5 ok
<X |H (a; X)| 52" da
0
= X¥ T e (X).

Consequently, in view of (7.27) one has

1/2
s (X) < X &2 ke | x {52 s (-l <I5 Qk—l(X)) / ;
6 6
and the second conclusion of the lemma follows immediately.

In order to complete the proof of Theorem 2, we apply the Hardy-Littlewood method. In preparation
for this treatment, we record an estimate of use to us later in this paper.
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Lemma 7.3. Under the hypotheses of Theorem 1, whenever 1<q<X and |qa — r|< X'~ one has
Z Z e(a®(z,y)) < X (g + X qa — 7)) (7.28)

1<2<X 1<y<X

_o2-d

Proof. The estimate (7.28) follows immediately from Theorem 1 via a standard argument (see, for
example, Davenport and Heilbronn [15] or Exercise 2 of Vaughan [27, Chapter 2]).

Lemma 7.4. Let ®(x,y) € Z[x,y| be a non-degenerate form of degree k=3. Then when k = 3 or 4,
one has for each € > 0 the upper bound
1
/ [H(a; X)[? da < X2 702,
0
and when k=5, for each € > 0 one has

1
/ H(a: X)| 2" da < X 325 —he.
0

Proof. When r € Z and ¢ € N, write
Mg, ) ={a€0,1) : |ga—r|<X'™F}.

Take 9 to be the union of the intervals M(q, r) with 0<r<¢<X and (r,q) = 1. Note that the intervals
occurring in the latter union are disjoint. Also, write m = [0,1) \ 9t. Observe that by Theorem 1 one

has -
sup |H(a; X)| < X272 " Fe,

acm

Moreover, by Lemmata 5.1 and 7.2 one has the estimate
1
/ |H (a; X) [0 doy < X2s0R)—htlte,
0
where so(k) = 2572 for k = 3,4, and so(k) = 52" when k>5. Thus we deduce that

_ ok=2 ,l
/ \H(a;X)|s°(k)+2k ? dov < <sup ’H(Q;X)|) / |H(Oz;X)|so(k)da
m 0

acm
< X202 ke (7.29)
Next, by (7.28) one has
[ 1@ )10
m
q
cxpme 57y | (a+ X" q|B) @2 " dp.
1<g<X a=1 YIBIS(gXF~H)~t
(a,q)=1

Since so(k)>2*=2 for each k, it follows that

q
/ |H<a;X)|so(k)+2k_2da<<X2so(k)+2k_1—k+a Z Z q—z
M

1<g<X ( a=1

a,q)=1

< X2 +2 T —ket2e, (7.30)

Thus, on combining the estimates (7.29) and (7.30), we arrive at the conclusion
1
| e 09 da
0

- / |H (a; X)0 0422 g / |H (a; X)[#0®)+2" % 4o
M m
< Xzso(k)+2k*1—k+a

and the lemma follows immediately.

The proof of Theorem 2 is completed by applying Lemma 2.3 in combination with Lemmata 5.1, 5.2,
5.3, 6.1, 7.2 and 7.4.
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8. ESTIMATES STEMMING FROM VINOGRADOV’S METHODS

When d is larger than 12 or so, a trivial argument employing estimates for exponential sums in a
single variable based on variants of Vinogradov’s methods provides bounds superior to those recorded
in Theorems 1 and 2. It is unfortunate that no more efficient method of exploiting Vinogradov’s ideas
seems to be available to estimate exponential sums over binary forms. Since the estimates stemming
from Vinogradov’s methods are, in some sense, a trivial application of the latter techniques, we will be
brief in our discussion. We first require some notation.

When s and k are natural numbers, and P is a positive real number, we define J; ;(P) to be the
number of solutions of the system of diophantine equations

S

Y @ —yl)=0 (1<j<k),

=1

with 1<z, v, <P (1<i<s). We say that an exponent A(s, k) is permissible whenever the exponent has
the property that J, (P) < P*s*, with

Aok =25 — Lk(k+1) + A(s, k).

It follows easily that any permissible exponent A(s, k) is non-negative, and moreover, without loss
of generality, that A(s,k)<%k(k + 1). The calculation of the strongest permissible exponents A(s, k)
presently attainable is a matter of considerable complexity, and so there seems little point in discussing
such bounds in detail within this paper. Instead, we refer the reader to Wooley [29], [30] and forthcoming
work of Boklan and Wooley [6] for details on the strongest available permissible exponents. In the
present context it suffices to indicate the general shape of the available bounds. On one hand we have
the classical permissible exponents

A(rk,k) = 1k*(1 - 1/k)", (8.1)

valid for r, k € N (see, for example, Vaughan [27, Theorem 5.1]). On the other hand, the more recent
estimates of Wooley [29] yield permissible exponents tending to zero essentially twice as fast with respect
to r as the exponent (8.1). Thus, when k is sufficiently large one has that the exponents A(rk, k) are
permissible, where

A(rk, k) = k*logk (1 - %(1 —1/log k;)> for 1<r<ri(k), (8.2)
and
3 r—ri(k)
A(rk, k) = 5(log k)* (1 - %(1 - 1/k)> for r>ri(k), (8.3)

where here we write (k) = [k(log k — loglog k)] + 1.
Estimates of the type described above lead immediately to improvements on Theorem 2 when d is
large.

Theorem 8.1. Suppose that ®(x,y) € Z[x,y] is a non-degenerate form of degree k=3. Let s be a
natural number, and suppose that A(s,k) is a permissible exponent. Then for each integer m with
1<m<k one has

/ e(a®(z,y)) stoz < Pkt Als—m(m—1)/2,k)
0

oLz, y<P

Proof. In view of Lemma 2.3, it suffices to establish the theorem when ®(z,y) takes the shape (5.1)
with A £ 0. But by Hélder’s inequality one has

2s
/ e(ad®(x,y)) da<<P28 ! Z /‘ e(a®(z,y))| da
0 ‘oga,y<P 0<y<P 0<a<P
2s
2s
<P oglfgp/ ‘ e(a®(z,y))| da. (8.4)

0Lz P
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But by a simple variant of Ford [18, Theorem 1], the integral on the right hand side of (8.4) satisfies,
for any integer m with 1<m<k, the inequality

1 2s
/’ Z e(a®(x,y)) do < P25kt Als=m(m=1)/2k) (8.5)

0 ‘ogagp

The only issue with which one must contend in the application of the latter theorem concerns the
uniformity with respect to the parameter y. However, experts in the use of such efficient differencing
techniques within Vinogradov’s mean value theorem will rapidly circumvent such difficulties. The
desired conclusion follows on combining (8.4) and (8.5).

We next turn our attention to analogues of Theorem 1 stemming from Vinogradov’s methods.

Theorem 8.2. Suppose that ®(x,y) € Z[z,y] is a non-degenerate form of degree k=3.

(i) Let o € R, and let X\ be a real number with 0 < A<1. Suppose that whenever a € Z and q € N
satisfy (a,q) = 1 and |goe — a|<P*~%, then one has ¢ > P*. Then for s>4k(k —1) and any permissible
exponent A(s,k — 1), one has

> clad(a,y))|< P

0<z,y<P

where
A= A(s,k—1)

s (k) % :

(it) Let oo € R, let v be an integer with 1<r<ik, and write A =1 —r/k. Suppose that whenever a € Z
and q € N satisfy (a,q) = 1 and |qa — a|<P*~F, then one has ¢ > P*. Then if s and t are positive
integers with s>+k(k — 1), and the exponents A(s,k — 1) and A(t, k) are permissible, one has

Z B(qu)(l‘yy))‘<< p2te (P*Vs(k') _|_pr¢(1<:)> :

O<z,y<P

where
r—A(s,k—1)

2rs

k—r(1+ At k))

s(k) =
s (k) 2k

and i) =

Proof. 1t follows from Lemma 2.2 that there is a polynomial ¥(z,y) € Z[x,y] satisfying condition (C),
a positive integer D depending at most on the coefficients of ®, and a positive real number X with
X =< P, satisfying the condition that for every real number « one has

> ela®(w,))|< X (log X)* max sup |y (a/D; 5 X)) (8.6)
0<z,y<P lv|<X ger

where

ho(0;8;X) = > e(0%(u,v) + Bu).

lul<X

But since the coefficient of u* in W(u,v) is non-vanishing, and depends at most on the coefficients of ®,
a simple variant of Vinogradov’s method (see, for example, Theorem 5.2 of Vaughan [27] and its proof)
yields, under the hypotheses of part (i) of the theorem, the estimate

[ho(a/D; B X)| < Xt Bte,
uniformly in v. The desired conclusion therefore follows immediately from (8.6). In order to establish

part (ii) of the theorem, we apply instead a simple variant of the argument of the proof of Theorem 2
of Wooley [31], and the desired conclusion follows in like manner.
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Corollary. Let a € R, and suppose that there exist a € Z and q € N with (a,q) = 1, |a — a/q|<q?
and Pl_l/ﬁgquk_l‘H/‘/ﬁ. Then

S elad(a,y))|<« PrEe,

0z y<P

where, when k is large, one has p(k)™' = 3k?(logk + O(loglog k)).

Proof. This conclusion is essentially immediate from Theorem 8.2 on making use of the permissible
exponents recorded in (8.2) and (8.3).

We remark that forthcoming work of Boklan and Wooley [6] will enable improvements in the above
estimates to be established when £k is relatively small. We conclude this section by remarking that when
k is large, an application of the Hardy-Littlewood method, based on the use of the above corollary
together with Theorem 8.1 and the permissible exponents recorded in (8.2) and (8.3), shows that there
exists a natural number so(k) such that whenever s>s¢(k) one has

1 2s
/ ‘ Z e(a®(x,y))| do < Pi7kTe,
0 o<ay<p

Moreover, one may take so(k) = 1k%(log k + loglogk + O(1)).

9. THE ADDITION OF BINARY FORMS

This section is devoted to proving conclusions of the same type as Theorem 3 by means of the Hardy-
Littlewood method. Equipped at this point with Theorems 1 and 2, our application of the circle method
is essentially routine, and thus we will be brief in our exposition. Since it is no harder to establish, we
prove a localised version of Theorem 3 which yields more precise information concerning the density of
integral solutions of the equation (1.1). The modifications required to establish the stated version of
Theorem 3 are trivial, and will be easily accomplished even by an inexperienced reader.

Let k be a natural number with £>3, and let s be an integer exceeding so(k), where the latter integer
is defined as in the statement of Theorem 3. We consider binary forms ®;(z,y) € Z[z,y| of degree k
for 1<j<s, the discriminant of each one of which we assume to be non-zero. Since the hypotheses of
Theorem 3 permit us to assume that the form ®;(z1,y1) + -+ + Ps(xs,ys) is indefinite, we find that
there exists (€, 1) € R?*\ {0} with

Q1(&,m) + -+ (&6, ms) = 0. (9.1)

Further, the discriminant of each ®; (1<j<s) is non-zero, and so it follows that (§,n) is a non-singular
real solution of the equation (9.1). By homogeneity, moreover, there is no loss of generality in supposing
that

. <.
1%?§8{|§J|7 |77J|}\1

Let 7 be a positive number sufficiently small in terms of & and 7, and define the boxes
By ={(&n) € R?: |€ = &I<r and [ —ny|<7} (1<) (9.2)

Further, define B = By x By x --- x Bs. We aim to obtain an asymptotic formula for the number,
N (P) = N,(PB; ®), of integral solutions of the equation (1.1) satisfying (x,y) € PBNZ2* (where here
we abuse notation by organising components in the obvious manner).

Define the exponential sums f;(«) (1<j<s) by

filay= Y ela®(z,y)) (1<)<s).

(m,y)EPBj

Then by orthogonality one has

N(P) = /O Fe) fo(@) ... fo(a)da. (9.3)
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We obtain an asymptotic formula for N(P) by means of the Hardy-Littlewood method. Let 6 be a
positive number with § < 2727 and write Q = P2"7'3 Let M denote the union of the intervals

M(g,r) ={a€0,1) : |a—r/q<QP*}

with 0<r<¢<@ and (r,q) = 1, and let m = [0,1) \ 9t. We observe for later use that the former sets
M(q,r) are disjoint. Moreover, in view of (9.3),

/ f1(@)... fo(a)da + / f1(@) ... fo(a)do (9.4)

The evaluation of the minor arc contribution is straightforward. Suppose that o € m. By Dirichlet’s
theorem there exist » € Z and ¢ € N with (r,q) = 1, 1<¢<Q~'P*, and satisfying |qga — r|<QP~*.
Further, since a & 91, one necessarily has ¢ > (). Thus it follows directly from Theorem 1 that for
1<5<s, one has

2—k
sup | f;(0)] < P2HeQ " = pro2ee,

acm

We therefore deduce from Theorem 2 that for each j with 1<j<s, one has

s—so(k) 1 so (k)
[ 1n@raa<(swln@) " [ i@
0

k—9
<<P28 ,

whence by Holder’s inequality,

| e, da<<H(/ fyefda)

< P9, (9.5)

In order to analyse the major arc contribution we introduce some further notation. When r € Z and

q € N, we write
q q
(g,r) = zze( ) (1<j<s).

rz=1y=1

and when § € R we write
— [ ctsasedean <o)
PB;

A straightforward partial summation argument (see, for example, the proof of Lemma 2.7 of Vaughan
[27]) shows that whenever r € Z and ¢ € N, then one has

fi(@) = a8 (g, r)vj(a —r/q) < P(q+ P*|qa —r|). (9.6)

When 7 € Z and q € N satisfy 0<r<q<Q@ and (r,q) = 1, define f;(a) for |a — r/q|<QP~* by

fi (@) =q7S(g,r)vj(a—r/q) (1<j<s),

and define f7(a) to be zero otherwise. Then it follows from (9.6) that whenever o € M(q,r) C M, one
has

fi(@) = f;(a) < PQ*. (9.7)

Since the measure of M is O(Q3P~F), it follows from (9.7) together with a trivial estimate for the f;(c)
that

/ (@) - ful0) = (@) .. fr(@)da < (QPPIF)(P?)~L « P2s—k—3, 9.8)
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On combining (9.4), (9.5) and (9.8), we find that
N(P)=C(Q,P)&(Q) + O(P*7+77), (9:9)

where for each positive number R we write

RPF
C(R,P) = / 01(8) .. vs(B)dB (9.10)
—RP—k
and .
S(R) = > a7 81(g,r) .- Sa(g,7). (9.11)
1<q<R(TT(;_1

We next analyse the singular integral C*, which we define by
C* = / v1(B) ... vs(B)dp. (9.12)

Note first that by the argument of the proof of Lemma 2.7 of Briidern and Wooley [9], for each j one
has

v;(B) < P*(1+ PH) "
Then we deduce from (9.10) and (9.12) that for each positive number R one has

C* —C(R,P) < PQS/ (1+ P*B)~2/kqp
RP—F

< ps—kp-1/k
It follows in particular that the singular integral C* is absolutely convergent, and moreover that
IC*| < P?*7% and C*—-C(Q,P) < P*7F9, (9.13)
Next, by making a change of variables one obtains
C* = P* k¢, (9.14)

where

/ / B(@1(&r,m) + -+ ©s(&s,ms)))dEdndS.

In view of our hypothesis that (&, n) is a non-singular solution of (9.1), a standard application of Fourier’s
integral formula (see, for example, Lemma 6.2 of Davenport [11]) shows that C > 0, and indeed that
C is equal to the volume of the (2s — 1)-dimensional hypersurface determined by the equation (1.1)
contained in the box B.

We define the singular series & by

o0 q
&= ¢ Y Silgr)... Slqr). (9.15)
q=1 r=1
(Tvq)zl

We may analyse the singular series cheaply by noting that for each j, whenever (¢,7) = 1 it follows
from Theorem 1 that

Si(q.r) < ¢~ e (9.16)
On substituting (9.16) into (9.15), and recalling that s > 28~1 we deduce that

[o@) [oe)
GRS Z gl e < Z ¢ <1 (9.17)
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Thus & converges absolutely, and moreover, on substituting (9.16) into (9.11) we find that

6-6@Q <Y ¢ <« <P (9.18)
>Q

On collecting together (9.9), (9.13), (9.14), (9.17) and (9.18), therefore, we may conclude thus far that
N(P) =C&P*F y O(P*~F9), (9.19)

where C > 0 is the aforementioned (2s — 1)-volume.

In order to complete our proof of Theorem 3, we have only to conclude our analysis of &. As is
familiar with complete exponential sums of arithmetic type, the sum S; (g, ) has the quasi-multiplicative
property that whenever (q1g2,7) = (¢1,¢2) = 1, then one has

S(q1q2,7) = S(q1,7¢5 1) S (g2, 7¢F ).

Thus a standard argument (see for example §2.6 of Vaughan [27]) shows that the function S(g), which

we define by
q

S(e)=q¢% Y Silgr)...S(qr), (9.20)
(=1

is a multiplicative function of ¢q. In view of the absolute convergence of the series &, one therefore finds

that
S = Hyp, (9.21)
p

where the product is over prime numbers, and
vp = S(p"). (9.22)
h=0
But by (9.16), (9.20) and (9.22), one has that for each prime number p,
vy — 1< Z(phrp?—’“ < pf1f21—’“_
h=1

Then on taking pg to be a sufficiently large constant depending at most on the coefficients of the ®;,

one has
&= (I w)(ITa+0w2"))=(II »)0+0w™ ). (9.23)

P<po P>po P<Ppo
Next we observe that when p is a prime number and A is a natural number, it follows from a standard
argument (see, for example, Lemma 2.12 of Vaughan [27]) that

h

> S =p" M),
=0

where M (p") denotes the number of solutions of the congruence
®1(x17y1)+"'+q)s($s,ys)EO (HlOd ph)7
with 1<z, 1, <p" (1<i<s). Thus we find that

vp = lim ph(1_25)M(ph), (9.24)
h— o0
and so Theorem 3 follows in all essentials from (9.19), (9.21) and (9.24). In order to establish the
corollary to Theorem 3, we note that by Davenport and Lewis [16], for any integers ai,...,as, the
equation
alwlf—k---—katmf:()
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possesses a non-trivial p-adic solution provided only that ¢t > k2. If we set x; = \y; (1<i<s) in
(1.1), then it follows that for each choice of A, the equation (1.1) possesses a non-trivial p-adic solution
provided only that s > k*. Since the ®; have non-zero discriminants, any such non-trivial p-adic
solution provides a non-singular p-adic solution to (1.1), and thus it follows easily that for every prime

p,
M(ph) > ph(1—2s)'

We therefore deduce from (9.24) that v, > 0 for every prime number p, whence from (9.23) one has
S > 1. On recalling (9.17), (9.19), and our earlier conclusion that C > 0, therefore, we find that
P%7F « N(P) < P*7F,

whence the corollary also follows.

10. DISTRIBUTION MODULO ONE AND BINARY FORMS

Experts will perceive that a pedestrian application of Theorem 1 will fail to achieve the exponent
claimed in Theorem 4. We must therefore engineer the kind of modification of Weyl’s inequality
described, for example, in Baker [3, §3.5]. We begin by recalling a lemma on reciprocal sums.

Lemma 10.1. Suppose that 0 is a positive number, and that o and B are real numbers. Let N, R and
B be positive real numbers with B > N0 4+ R0 Suppose further that

> min{N,|lza+ 8"} > B.

1<2<R
Then there exist a € Z and q € N with

(a,q) =1, 1<¢< NRB™' and |ga—a| < N°B™L.

Proof. This is Lemma 3.3 of Baker [3].
Next we establish an analogue of Weyl’s inequality.

Lemma 10.2. Let k be an integer with k>3 and let ®(x,y) € Z[x,y] be a non-degenerate homogeneous
form of degree k. When P is a large real number, define the exponential sum F(a; P) by

Fla;P)= Y Y ela®(z,y)). (10.1)

ISe<P 1sysh

Suppose that § is a positive number, and that L and A are positive real numbers with
L<P* and A> p* ML

Suppose further that
S (s PP > A (10.2)
1<IKL

Then there exist a € Z and q € N with

(a,q) =1, 1<q<LP?" 'T9A~ and lgae — a|<P2k_1*k+5A*1. (10.3)

Proof. By Lemma 2.2 there is a condensation ¥ of ¢, a non-zero integer D depending at most on the
coefficients of @, and a positive real number X with X =< P, satisfying the property that for every real
number « one has
|F(a; P)| < (logX)QﬁsupRIH(a/D;B,v;X)I, (10.4)
Y€

where H(0; 8,7; X) is given by (2.4). We divide our argument into cases.
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Suppose first that ¥(u, v) takes the shape (2.3) with 2<t<k—1. In this case the differencing argument
leading to (3.16) shows that for all real numbers «, 3,7, one has

|H(a/D; B, X)[2" 7" < X2 hte (X’“‘1 + ) min{X, ||ha/DH‘1})a

1<h<G

where G = t!(k — t)!|B|t(2X)*~1. On recalling the hypothesis (10.2), it therefore follows from (10.4)
together with a simple estimate for the divisor function that

AL Z |F(ley; P)]Qk_2
1<IKL
< X2 leL 4 X2 R ST mind X [|ga/D) 1) (10.5)
1<9<GL
By hypothesis, one has
k—1 k—1
A>p? L x2S (10.6)

Then since we may suppose that §>3¢, it follows from (10.5) that

Z min{X, ||go/D| "'} > AxF-2 e

1<g<GL

But (10.6) yields
AX]{ink—lfe > Xk:71+6faL > X1+77 + (GL)1+777

where n = §/(2k), and thus it follows from Lemma 10.1 that there exist b € Z and r € N with (b,r) = 1,
1I<r« XkL(Ainyc_liE)il and |7“a/D — b| < XU(AXk*Qk_lfs)—l.

Write ¢ = r/(r, D) and a = bD/(r, D). Then we may conclude that there exist a € Z and ¢ € N with
(a,q) =1,
1<g < LX? 4o At < Lp2 40241

and
|qa _ a’ < szfl—k—l—n—&—aA—l < P2k*1—k+6/2A—1‘

The first case of the lemma follows immediately.

Suppose next that W¥(u,v) takes the shape (2.3) with t = k, so that for fixed integers A and B
depending at most on the coefficients of ®, one has W(u,v) = Au* 4+ Bv*. This is essentially the
classical (diagonal) situation. But now the argument of §3 leading to (3.6) via (3.2) and (3.4) shows
that for all real numbers «, 3,~, one has

\H(a/D; B, X)2 " < X2 hte (X’H + ) min{X, ||ha/D||’1}),
1<hLG

where now G = max{|A|, | B|}k!(2X)*~!. Then on recalling the hypothesis (10.2), it follows from (10.4)
together with a simple estimate for the divisor function that (10.5) again holds. It is therefore apparent
that the argument of the previous case, mutatis mutandis, again establishes the existence of a € Z and
q € N satisfying (10.3). This completes the proof of the lemma.

We are now equipped to prove Theorem 4. With the hypotheses of the statement of Theorem 4,
suppose, if possible, that with some large number N one has

la®(m,n)|| > N2

for 1<m,n<N. On recalling the notation (10.1), it follows from Harman [19, Lemma 5] that with

L =[N?""=%] 41, one has
2

> |F(le; N)| > %

1<I<L
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Then by Holder’s inequality,
ST IR NPT s A,
1<ISL

2d—1 2d—2

where we write A = N2 L'~
there exist a € Z and ¢ € N with

. On checking the hypotheses of Lemma 10.2, we may conclude that

(a,q) =1, 1<q<LN2d_1+5A*1 and |qa — a|<N2d_1—d+6A—1'
Consequently, one has 1<g<N 1—25/3, whence

la(q, g)|<[2(1,1)]g"ge — al
<|®(1, 1)|L2d—2—1N—1—5/4

22—d

<LTIKNT
This completes the proof of Theorem 4.
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