RATIONAL LINES ON DIAGONAL HYPERSURFACES AND
SUBCONVEXITY VIA THE CIRCLE METHOD

TREVOR D. WOOLEY

ABSTRACT. Fix k,s,n € N, and consider non-zero integers ci, ..., cs, not all of
the same sign. Provided that s > k(k + 1), we establish a Hasse principle for the
existence of lines having integral coordinates lying on the affine diagonal hypersur-
face defined by the equation c12% +. ..+ c,z¥ = n. This conclusion surmounts the
conventional convexity barrier tantamount to the square-root cancellation limit
for this problem.

1. INTRODUCTION

The investigation of rational linear spaces on algebraic varieties was pursued by
Brauer [6] and Birch [2] as a key step in their inductive strategies for establishing the
existence of rational points on complete intersections. This initial work in the middle
of the last century has more recently evolved, in contributions of Parsell [11, 12] and
Brandes [4], to encompass quantitative considerations. In this paper, we also inves-
tigate the abundance of rational lines, but now on affine diagonal hypersurfaces. By
applying the Hardy-Littlewood (circle) method, we derive a certain Hasse principle
for the existence of lines having integral coordinates lying on the hypersurface. A
notable feature of our application is that it goes beyond the convexity limit of the
circle method, by which we mean the square-root barrier that ordinarily restricts
the method to problems in which the number of available variables exceeds twice
the inherent degree.

In order to describe our conclusions more precisely, we must introduce some no-
tation. We fix natural numbers k > 2 and s, and we consider the affine hypersurface
defined by the diagonal equation

azh 4+ . 4 eah =n, (1.1)

in which ¢; € Z\ {0} (1 <i < s) and n € Z\ {0} are fixed. We assume, in particular,
that the coefficients ¢; are neither all positive nor all negative. For each exponent £k,
a conventional application of the circle method confirms the existence of a positive
number so(k) having the property that the solutions of the equation (1.1) satisfy the
weak approximation property provided only that s > so(k). Indeed, it follows from
the work and methods of earlier scholars that when 2 < k < 15 one has so(k) < to(k),
where to(k) is defined according to Table 1 below (see [9, 10, 13, 14, 16, 17, 22| for
the necessary ideas). Meanwhile, recent work of the author with Briidern [9] may be
routinely applied to confirm that so(k) < [k(log k +4.20032)]. Moreover, subject to
real and p-adic solubility hypotheses, it follows under the same conditions that the
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equation (1.1) possesses an abundance of integral solutions in which, for each r > 1,

there is no r-tuple (i1, 42, ...,,) of indices with 1 < i; <9 < ... < i, < s for which
cilxﬁ + cizxig +...+ cirazfr = 0.

Henceforth, we refer to the latter as the condition that there be no vanishing sub-
sums, and we note in particular that it implies that no variable z; is equal to 0.

k 23 4 5 6 7 8 9 10 11 12 13 14 15
to(k) 4 7 12 17 24 31 39 47 55 63 72 81 89 97

TABLE 1. Upper bounds for so(k) when 2 < k < 15.

Our interest in this paper lies with the existence of linear solution spaces of the
equation (1.1) of the shape x = y +tz, with y € (Z\{0})® and z € Z°\ {0}. Subject
to local solubility conditions and the hypothesis s > s¢(k), it follows from the above
discussion that there exists an s-tuple y € (Z \ {0})® satisfying the equation

ay¥ +. . eyt =n. (1.2)

With this solution fixed, we denote by Ny (B;y) the number of integral s-tuples
z € 7Z° N [—B, B]® for which the equation

cr(yr +t2)" + .t es(ys Htz) =n (1.3)

holds identically as a polynomial in ¢. By expanding the powers in (1.3) via the
binomial theorem, and recalling (1.2), one sees that the condition on these s-tuples
is equivalent to insisting that z satisfy the system of equations

eyl =0 (1<j<h). (1.4)
=1

We choose in this paper to focus on the situation with k£ > 3. The situation with
k = 1 is a matter for linear algebra, while that with & = 2 is accessible to the
theory of quadratic forms. Indeed, by eliminating a variable between the linear and
quadratic equations in (1.4), one sees that the problem of determining N, o(B;y) is
equivalent to the classical problem of counting integral solutions of a homogeneous
quadratic equation in s — 1 variables subject to a congruence condition, and this is
well-understood for all s.

Theorem 1.1. Let s and k be natural numbers with k > 3 and s > k(k+1). Also, let
C1,-..,Cs and n be fived non-zero integers, with ci, ..., cs neither all positive nor all
negative. Suppose that y1,...,ys are non-zero integers satisfying the equation (1.2).
Then, provided that the system (1.4) has non-singular real and p-adic solutions for
every prime number p, there is a positive number €y i (y) for which

Ny (By) = Cop(y)BSHETD/2 4 o(ps—FETD/2), (1.5)

Some remarks are in order concerning the nature of the conclusion provided by
Theorem 1.1. First, since so(k) < k(k + 1) for all natural numbers k, the discus-
sion above ensures that there are plenty of solutions y € (Z \ {0})° satisfying the
equation (1.2) whenever local solubility conditions permit such a conclusion. Here,
it is apparent that obstructions to p-adic solubility may be present when the bulk of
the coefficients ¢; are divisible by p, and yet n is not. However, one may regard the
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first important hypothesis of this theorem as being essentially harmless. Next, as
we demonstrate in §7, the existence of non-singular real and p-adic solutions of the
system (1.4) follows in two simple circumstances occurring generically. First, should
the solution y € (Z \ {0})® of the equation (1.2) satisfy the condition that there be
no vanishing subsums, then any solution z # 0 of the system (1.4) over R or Q, is
automatically non-singular. Secondly, subject only to the condition that yi,...,ys
are non-zero integers satisying the equation (1.2), any solution z of the system (1.4)
over R or QQ, is non-singular whenever z; # 0 for 1 <17 < s.

Finally, as the reader will have anticipated, one may interpret the coefficient
©s(y) appearing in the asymptotic formula (1.5) as a product of local densities,
the description of which requires some preparation. When p is a prime number
and h € N, write M,(h) for the number of solutions z of the system (1.4) with
z € (Z/p"Z)*. Also, when n > 0, denote by My (n) the volume of the subset of
[—1,1]* defined by the inequalities

S

k=3 3
E Gy, Uz
i=1

<n (1<j<k).

Then the limits

o iy _ 5 h(k—s)
Ooo nl_l}r(r]1+(277) My(n) and o, hl;r{:@p M,y (h),

when they exist, respectively define the real and p-adic densities of solutions of the
system (1.4). We show in §5 that, under the hypotheses of the statement of Theorem
1.1, both limits exist, and one has € (y) = 0o [ [, 0p, where the product is taken
over all prime numbers p. Furthermore, one has 1 < % ,(y) < 1.

The conclusion of Theorem 1.1 shows, subject to natural local solubility condi-
tions and the constraint s > k(k + 1), that there is an abundance of affine lines
having integral coefficients passing through each eligible integral point of the hyper-
surface determined by the equation (1.1). In the situation wherein s = k(k + 1),
the conclusion of Theorem 1.1 surmounts the convexity barrier in the circle method,
since the number of variables is precisely twice the sum of the degrees of the polyno-
mials defining the system of equations (1.4). This subconvexity conclusion is made
more apparent by a consideration of the associated exponential sums. When k > 3
and X is a large real number, define f(a) = fi(a; X) by putting

fr(a; X) = Z e(arx + agr? + ...+ apa®), (1.6)
|z|<X
where, as usual, we write e(z) = e2™*. We introduce a Hardy-Littlewood dissection
to facilitate discussion. Write L = X /(8% Then, when
1<¢g<L, 0<a<gq and (ga)=1,
we define the major arc P(q,a) by
Plg.a) = {a € [0,1)" : |a; —a;/al < LX 7 (1<) <k}

Here and throughout this paper, we facilitate concision by adopting the use of ex-
tended vector notation. Thus, we write 0 < a < ¢ to denote that 0 < a; < ¢ for
1 < j < k, and we write (¢,a) for the greatest common divisor (gq,a1,...,ax) of g
and ay,...,ar. The arcs PB(q, a) are disjoint, as is easily verified. Let B3 denote their
union, and put p = [0, 1)\ .
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We illustrate the subconvexity estimates available through the approach under-
lying the proof of Theorem 1.1 with the following conclusion.

Theorem 1.2. Let k and s be natural numbers with k > 3. Suppose that c1, ..., cs
are non-zero integers satisfying the property that
c1+...+cs #0. (1.7)

Then, whenever 1 < s < k(k + 1), one has
/[01)k fe(cro; X) -+ fr(eso; X) do < X (571/2+, (1.8)
When s = k(k + 1),7 meanwhile, one has
/fk(cla; X) - fulesa; X) da < X(570)/2F (1.9)
p
where § = 1/(4k3), and when s > k(k + 1) one has

1 1
/fk(cla; X) - fresos; X) da < X572k D=50%e (1.10)
p

Given the trivial estimate | fi(c; X)| < 2X +1, the bounds (1.8) and (1.9) plainly
go beyond those that would result from square-root cancellation, and consequently
constitute subconvexity estimates in the sense described in our work joint with
Briidern [7]. We remark in this context that, with greater effort, it would be possible
to establish the estimate (1.9) with a larger value of 6. In this paper we have elected
to opt for a more concise account yielding reasonable qualitative results, rather than
seek the strongest quantitative results that might be accessible.

We briefly offer a sketch of the strategy underlying the proof of Theorem 1.1,
restricting attention to the simpler situation that is the focus of Theorem 1.2. Here,
by orthogonality, the mean value

T:/ fr(cio; X) da
[071)161_[ ko ( )

i=1
on the left hand side of (1.8) counts the number of integral solutions of the system
of equations

derl=0 1<j<h), (1.11)
=1

with |z;| < X (1 < i < s). For each such solution x, and for every integer y with
1 <y < X, it follows from the binomial theorem that
S

D cilmityy =—coy (1<j<h),

i=1
where we write co = —(c1 + ... + ¢5). We note that our hypothesis (1.7) concerning
the coefficients ¢; ensures that one has ¢y # 0. We therefore see that for each integer
y with |y| < X, the number of integral solutions of the system (1.11) counted by T
is bounded above by the number of integral solutions of

S
coy’ +> ezl =0 (1<j<k),
i=1
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with |z;| < 2X (1 < i < s). By averaging over these values of y and invoking
orthogonality, we thus deduce that

/ kac,aX a<X/ kac]aQX)d (1.12)
[0,1)k

[0,1)%

By comparison with the mean value (1.8), we now have an additional variable over
which to average in (1.12), and it is this which permits us to achieve subconvexity.
We note that, in order to analyse the mean value (1.9), which is restricted to minor
arcs only, we employ some ideas from harmonic analysis previously deployed in our
work [19] devoted to the asymptotic formula in Waring’s problem.

This paper is organised as follows. We derive the fundamental lemma, based on
the strategy just described, in §2. This work already permits a swift proof of the
first subconvex estimate (1.8) recorded in Theorem 1.2. In §3 we begin the proof
of a more general variant of the minor arc estimate (1.9) recorded in Theorem 1.2.
This lays the foundation of the proof of Theorem 1.1. This preliminary minor arc
estimate is converted in §4 into one more accessible to conventional applications of
the Hardy-Littlewood method. The major arc analysis required to complete the
proof of Theorem 1.1 is then tackled in §5. We complete the proofs of Theorems
1.1 and 1.2 in §6. Finally, in §7, we discuss the non-singularity condition implicit
in Theorem 1.1, showing that the existence of non-singular solutions of the system
(1.4) is implied by the conditions that we have already noted.

Throughout, the letter € will denote a positive number. We adopt the convention
that whenever € appears in a statement, either implicitly or explicitly, we assert
that the statement holds for each € > 0. Our basic parameter will be either X
or B, a sufficiently large positive number. In addition, we use < and > to denote
Vinogradov’s well-known notation, implicit constants depending at most on k, s and
€, as well as other ambient parameters apparent from the context. Finally, we define
|6]| for & € R by putting ||0|| = min{|0 — n|: n € Z}.

Historical note: The first version of this paper dates from 2014, motivated by the
author’s proof in January 2014 of the main conjecture in the cubic case of Vino-
gradov’s mean value theorem (see [21], which first appeared as arXiv:1401.3150).
The author is grateful to Julia Brandes, Simon Rydin Myerson, Per Salberger and
others for their comments on talks on this topic delivered at Warwick, King’s College
London, Oxford and Gé&teborg in the period 2014 to 2016 as the associated ideas
evolved. These ideas subsequently delivered subconvex conclusions in the Hilbert-
Kamke problem (see [26]) and affine variants of Vinogradov’s mean value theorem
(see [24, 25], and note also [5]).

The author is grateful to the referee for useful comments.

2. AN AVERAGED MEAN VALUE

We begin by interpreting the strategy outlined at the end of the introduction
as it applies to a mean value not necessarily open to a Diophantine interpretation.
This supplies a fairly general conclusion useful in our subsequent deliberations. We
suppose throughout that s, k, y and n are fixed as in the preamble to the statement
of Theorem 1.1. When y € Z, we define 3;(y) = 8;(c; y) by putting

Bilesy) =y oy (1< j<k). (2.1)
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In the proof of the next lemma as well as in its preamble, when j € {k — 1,k}, we
promote concision by abbreviating the differential day ... da; to dea;. Then, when
B C R is measurable, we introduce the mean value

= [f - TLies) da (2.2

in which f(0) = f1(0; X) is defined via (1.6). Notice that, by orthogonality, one has
Ns i (B;y) = I5([0,1); B). We make use of technology associated with Vinogradov’s
mean value theorem. With this in mind, when ¢, k£ € N, the parameter X is positive,
and B C R is measurable, we define

3t’k(%,X) = /% /[0 l)k_1 ‘fk(a,X)F dak (23)

Lemma 2.1. Let ¢,y € (Z\ {0})®, and define
co=—(c1yf + ... +esyh). (2.4)
Suppose that cg # 0. Then, whenever 2B C R is measurable, one has
S
I(B; X) < X '(log X)"M [ [ Japru(ci®; X)V/6HD,
i=0

Here, the constant implicit in Vinogradov’s notation may depend on'y.

Proof. We make use of the translation invariance underlying a blown-up version of
the system of Diophantine equations underlying the mean value (2.2). Write

V(u;0) = Oru+ ... + Opul. (2.5)

Observe first that for each index i, and every integral shift z, it follows from (1.6)
that one has

B X) =Y el =z Bw))) (2.6)
|z—yiz|<X
Write
Felain) = 3 e —uz Bu) + (@ —vi2). (2.7)
lz]<2X

In addition, define
K() =Y e(—yw), (2.8)
|lw|<X
and put
— i -1
A = min Jy;|™.

Then we deduce from (2.6) via orthogonality that when |z| < AX, one has

1
F(By:); X) = /0 i (@) K () d. (2.9)
Next, define

§:(a;y) = Hfi,z(cia;%)- (2.10)
i=1
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Then, on substituting (2.9) into (2.2), we deduce that for each integer z satisfying
|z| < AX, one has

LB =) S0 2K (v) d, (2.11)
where
// a;y) dayg (2.12)
Ol)k 1
and s
~TIx00- (2.13)
i=1
By orthogonality, one finds that
[ Samdasi= Y Aae) (2.14)
[0, 1)k~ Ix|<2X

where A(6,, z) is equal to

S S
e (9 Z ci(z; — yi2)" + Z(J«"z - Z/z’@%‘) )
i=1 i=1
when
Zczylc M-y =0 (1<j<k—1), (2.15)

and otherwise A(6,~, z ) is equal to 0.
By applying the binomial theorem and recalling (2.4), one discerns that whenever
the system (2.15) is satisfied by the s-tuple x, then

con+chZk jxf (1<j<k-1),

and hence
S

S
Z ci(z; — yiz)k = 2" + Z cza:f
i=1 i=1
Then, on recalling (2.5), it follows from (2.14) that
/ S-(c;y)dag— = e(—2z - Y)/ Fo(a;v)e(cot(z; ) dag 1.
(0,1)k—1 (0,1)k—1
From here, we are led from the relation (2.12) to the formula

S (v;2) = e(—2zv- / / Y)e(coy(z; ) dag.
[0 1 k— 1
Recalling the notation (1.6), we may consequently conclude thus far that
/ / ¥)f(coax —v; AX) dey, (2.16)
|2 |<AX (0,1)%~ 1

where 7 is defined by putting ¥y =~ -y and 7, =0 (2 < j < k).
It is convenient at this point to set yg = 1 and to apply orthogonality just as in
the argument leading to (2.9). Thus, on recalling (2.7), we see that

1
flos AX) = /O foo(es 1) Ko(7) d.
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where

Ko = Y e(-2). (2.17)

|z|<AX

Thus, by applying Hélder’s inequality to (2.16) and recalling (2.10), we see that

1,8 1/(s+1)
)</ (HQ) Ko(0)] o, (2.18)
|2|<AX 0 Ni—o
where
QOZ// If0,0(coc — 73 70)[* T dewy,
% J[0,1)k-1
and

Q= / / Fio(cios v daye (1 <d < s).
% J[0,1)k-1

By a change of variable and application of periodicity modulo 1, we find from
(2.1) and (2.7) that for 0 < i < s, one has

. _/ / HZO cio; 0)]" dey, = ¢ / / IFi0(c; 0)[*T dayy..
CZ Dl)k 1

It therefore follows from (2.3) via orthogonality that Q; = ¢; 'Js114(c;B; X). Thus
we infer from (2.18) that

. Js+1)
I (v;2)| < (Hﬁsﬂ,k(@%;X)) / [Ko(70)] dvo.
0

1=0

|z|<AX

On substituting this estimate into (2.11) and recalling (2.13), we therefore obtain

I,(B; X) < (2AX)—1/

[0,1)®

)3 J(V;Z)K(V)' dy

|z|<AX

< X~ 1H(‘;S+1k(cﬂs X))V / |K; %)|d%) (2.19)
=0

in which we have taken the expedient step of writing K;(y;) for K(7;) when 1 < i < s.
Recall (2.8) and (2.17). Then the elementary bound K;(v) < min{X, ||v|/~'} shows,
as is familiar, that

1
[ Gl < 10X 0<i<s),
0

Thus, we conclude from (2.19) that

S
L(B; X) < X H(log X)"™ [ [ Jsgrp(ci®; X)V/6HD,
=0
Here, we stress that the constant implicit in Vinogradov’s notation may depend on
y. This completes the proof of the lemma. O

An almost immediate consequence of Lemma 2.1 delivers the first conclusion of
Theorem 1.2.
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Lemma 2.2. Let s and k be natural numbers with 1 < s < k(k + 1). Suppose that
c,y € (Z\{0})* and c1y¥ + ...+ csy® # 0. Then one has
I,([0,1); X) < X (s=1)/2+e,

Proof. Put cg = —(c1y¥ + ... + csy¥). We apply Lemma 2.1 to obtain the bound

S
L([0,1); X) < X7 [ [ Jsr1m(eif0, 1); X) /6D, (2.20)
=0
Here, in view of the definition (2.3), we have

Js+1,6(ci[0,1); X) = |C1;!/[ N | fr(es; X))+ dex.
0,1

Since our hypothesis on s ensures that s + 1 < k(k + 1), we deduce from the (now
confirmed) main conjecture in Vinogradov’s mean value theorem (for which see
[3, 21, 23]) that

Torrn(cil0,1); X) < XE(X(HD/2 4 xotl-hkt1)/2)
By substituting this estimate into (2.20), therefore, we conclude that
I,([0,1); X) < XS(X(S—l)/Q + Xs—k(]g_i_l)/g)'

The conclusion of the lemma is now immediate. O

In order to obtain the upper bound (1.8), we have only toset y1 = ... =ys =1
to conclude from (2.2) and Lemma 2.2 that when 1 < s < k(k + 1), one has

/[ )k fr(cra; X) -+ fi(esos X) da < x(s—1)/2+e
0,1

In the next lemma, and throughout the remainder of the paper, we suppose that
k>3 and c,y € (Z\{0})*. Moreover, putting co = —(c1y¥ +. ..+ csy¥), we suppose
that ¢y # 0. We next obtain from Lemma 2.1 an estimate of minor arc type. When
1 < @ < X, we define a one-dimensional Hardy-Littlewood dissection as follows.
We define the set of major arcs M(Q) to be the union of the arcs

M(q,a) = {a€[0,1): |ga —a| < QXF},

with 0 < a < ¢ < Q and (a,q) = 1, and then write m(Q) = [0,1) \ M(Q) for the
corresponding set of minor arcs.
Next, when k is an integer with k > 2, we define the exponent 0 = o (k) by taking

. k=1 when 2 < k < 5,
o(k)™ =
k(k—1), when k > 6.
Then, when k > 2 and 1 < Q < X, one has

sup sup | fr(a; X)| < XHHe@=o), (2.21)
akem(Q) ak,le[o,l)’“—l

The reader may consult [26, Lemma 2.2] for a proof of this conclusion, which makes
use of the standard literature.

Lemma 2.3. When 1< Q< X and s > k(k+ 1), one has

1
I(m(Q); X) < X* 2kt Dteqg=olk),
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Proof. We apply Lemma 2.1 to obtain the bound

L(m(Q); X) < X7 [ Fssr,p(cim(Q); X) MG+ (2.22)
=0

Here, in view of the definition (2.3), we have
desem(@ ) = [ [ e x)Ft dan,
cim(Q) J[0,1)k1

An elementary exercise confirms that ¢;m(Q) € m(Q/|ci|) (mod 1), and hence we
deduce from (2.21) that

sup sup | fr(o; X)| < X1FEQ W),
ag€em(Q) a1 €[0,1)k—1

Thus, we find that

Jsrip(em(Q); X) < x'HeQo®) /[ ’ |fi(e; X)I” dexy..
0,1
By applying the (now confirmed) main conjecture in Vinogradov’s mean value the-
orem (see [3, 21, 23]) once again, we therefore conclude that

Jer1x(em(Q); X) < X1HeQ o) (xs/2  xs—kk+1)/2y

The conclusion of the lemma follows by substituting this upper bound into (2.22).
O

The conclusion of Lemma 2.3 is neither quite sufficient, by itself, to deliver the
bound (1.9) of Theorem 1.2, nor the key minor arc input into Theorem 1.1. However,
it does provide a bound for the most difficult region of the minor arcs. Our goal in
883 and 4 is to handle the remaining parts of the minor arcs in the Hardy-Littlewood
dissection.

3. A GENERALISED MINOR ARC ESTIMATE

Our goal in this section is to lay the foundations for an application of the Hardy-
Littlewood method capable of delivering the estimate (1.9) of Theorem 1.2, as well
as the conclusion of Theorem 1.1. To this end we introduce a Hardy-Littlewood
dissection. First, as a close relative of the mean value I5(*8; X) introduced in (2.2),
we define the mean value Ti(2) = Ti(2; X) for measurable sets A C [0,1)* by
writing

TX) = [ FeBn) - f(eBlo)de (31)
Next, when 1 < Z < X, we denote by &(Z) the union of the major arcs
Ag,2:2) = fa € [0,1)" s oy — aj/al < ZX T (1< <R},

with 1 < ¢ < Z,0<a; <q (1 <j<k)and (¢,a) = 1, and we define the
complementary set of minor arcs by putting £(Z) = [0,1)* \ 8(Z). We have already
defined the one-dimensional Hardy-Littlewood dissection of [0, 1) into sets of arcs
M = M(Q) and m = m(Q). We now fix L = X/®) and Q = L*, and we define
k-dimensional sets of arcs by taking 91 = &(Q?) and n = £(Q?). We also need
the narrow set of major arcs P = K(L), and the complementary set of minor arcs
p = ¢(L). In this last dissection, it is convenient to abbreviate £(q,a; L) to P(q,a).
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We note that this last set of major and minor arcs coincide with those defined in
the preamble to the statement of Theorem 1.2.

We partition the set of points (av, ..., ax) lying in [0, 1)* into four disjoint subsets,
namely

0, )L x o) N,
0, 1)F 1 x 9t) N (M\ R),

Noting that ¢ C [0,1)¥=! x 9, it follows that [0,1)* = 20; U...U2,. Hence, by
orthogonality, we infer that

4
Ns,k(X; Y) = Ts([ov 1)k) = ZTS(QBi)a (3'2)
=1
and further that
3
/p F(e1Bn) - fesBlys) da = S T(20). (3.3)
=1

The work of §2 already permits us to announce a satisfactory upper bound for
the contribution of the set of arcs 20; in (3.2) and (3.3).

Lemma 3.1. When s > k(k + 1), one has
T,(20,) <<Xs—%k:(k:+1)—1/(8k:3).

Proof. We observe that
T5(2W1) = Is(m(Q); X).
Thus, on substituting @ = X'/(%) into Lemma 2.3, noting that o(k) > 1/k? for
k > 3, the conclusion of the lemma is immediate. O
4. FURTHER MINOR ARC ESTIMATES

We next estimate the contributions arising from the sets of arcs s and Ws
within (3.2) and (3.3). We begin with an estimate of Weyl-type for the exponential
i

sum f(ciB(yi)) (1 <i<s).

Lemma 4.1. Suppose that 1 < i < s and ¢;y; # 0. Then
sup | £(c;Byi))| < X1VOR)and  sup | f(e;B(y:))| < X1/ (12K)
acn acp

Proof. We begin by confirming the first bound. Put 7 = 1/(6k?) and § = 1/(5k).
Since 77! > 4k(k — 1) and § > k7, we find from [18, Theorem 1.6] that whenever

|f(c:iB(y;))| = X177, there exist ¢ € N and a € Z* having the property that
1<g<X’  and  [egBi(y) —ajl < X7 (1< <h).
Write
kol ajleiy; | .
r=lay; |l¢g and bj = 5 (1<j< k).

CiY;
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Then, on recalling from (2.1) that we have §;(y;) = yf Tov; j (1 <j < k), we see that
when X is sufficiently large in terms of y, one has
ray — bl < i X < X (1< < k),

in which we have written & = 1/(4k). In particular, we see that r < Q2 and
lo; — bj/r] < Q*X 79 (1 < j < k), and hence o € 9 (mod 1). We therefore infer
that whenever X is sufficiently large in terms of k and y, and a € n, then one must
have |f(c;8(y:))| < X'~ (1 < i < s), and the first conclusion of the lemma, follows.

In order to confirm the second bound, we put 7 = 1/(12k?®) and 6 = 1/(10k?). We
again have 77! > 4k(k — 1) and 6 > k7, and so the same argument applies mutatis
mutandis. Thus, whenever |f(c;3(y;))| > X'~7, one deduces that o € B (mod 1).
Consequently, when X is sufficiently large in terms of k and y, and « € p, then one
must have |f(c;8(y;))| < X'~7 (1 < i < s). This delivers the second conclusion and
completes the proof of the lemma. O

By combining this Weyl-type estimate with the conclusion of Lemma 2.1, we
obtain a satisfactory estimate for Ts(202) by exploiting the observation that 20, has
small measure.

Lemma 4.2. When ¢;y; #0 (1 <i<s) and s > k(k+1), one has
T,(2) < 5= 5h(E+1)—1/(16k)
Proof. When oy, € 9, define
Llap) = {(a1,..., 1) € [0,1)F 1 a € Wy}
Then an application of Holder’s inequality leads from (3.1) to the upper bound

S

Ts (W) < H(/m Ii(ak)dak> 1/8, (4.1)

i=1
where

Ii(ag) = /2( | |f(ciB(ys))|* daq - - - dog—q.

Noting that 205 C n, applying the trivial estimate |f(¢;3(y;))| < 2X +1, and writing
v="k(k—1)/2, we deduce that

o) < XD (splfeB)) [ LA o o (42

acn

By orthogonality, the mean value here counts the integral solutions of the system of
equations

CiyZ Z —zl (1<j<k-1),

with 1 < x,z < X, each solutlon being counted with the unimodular weight
e(ciap(ah — 28 + ..+ a2k = 2F).

Thus, applying the (now proven) main conjecture in Vinogradov’s mean value the-
orem (see [3, 21, 23]), we find that one has the bound

/[ol)kl |fleiB(y:))* day -+ dey1 < Jaup—1([0,1); X) < XVTe,

uniformly in ay.
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Making use of the latter bound, we deduce from (4.2) via Lemma 4.1 that
(o) < X5 kk+D) (Xl_l/ <6k2>)2k Xvte,
Moreover, we have mes(9) < Q2X~*. Consequently, we infer that

1
/ Ii(ay) day < X572k DFe(xh=1/6R)) (2 x —F)
m

< Xs—%k(k+1)+6(Q2X—1/(3k)).
Since Q2 = XY we conclude that

/ Ii(og) day, < x5 gh(k+1)=1/(16k)
m
The conclusion of the lemma follows by substituting this bound into (4.1). O

The analysis of the set of arcs 203 requires standard major arc estimates from the
theory of Vinogradov’s mean value theorem.

Lemma 4.3. Suppose that u > 3k(k + 1) +2 and ¢;y; # 0 for 1 <i <s. Then
/ | FleiBy))|* da < XvREFD/2,
n

Proof. Suppose that a € 9. Then there exist ¢ € N and a € Z* for which (¢,a) = 1,
1<¢<Q? and 0<a;<q (1<j<k),

and such that
oy —aj/al < QX7 (1<j<k).
In such circumstances, one has
eyt oy — eyt ag /gl < ey I |QPX .
Thus, when X is sufficiently large in terms of y, we see that ¢;3(y;) € R(Q**¢) (mod 1).
Hence, applying periodicity modulo 1, we have

/ FeBy)" da < / () dB.
N R(Q%**e)

From here we may apply [20, Lemma 7.1], observing that the set of major arcs
A(Q**¢) is a subset of the major arcs employed in the latter source. Thus, in
particular, one has

[ 1) ds < xe e,
R(Q**e)
and the conclusion of the lemma follows. O
Lemma 4.4. When ¢;y; #0 (1 <i < s) and s > k(k+ 1), one has
T,(205) <<Xsf%k(k+1)fl/(12k2).

Proof. An application of Hoélder’s inequality conveys us from (3.1) to the upper
bound

T,(205) < [[ 47", (4.3)
=1
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where
S
W3
Since 25 C 91\ B, we discern from Lemma 4.1 that

sup |f(ciB(y:))| < sup |f(ciBy:))| < X112k,
ac3 acp

Thus, taking u = s — k and noting that u > 2k(k + 1) + 3, it follows from Lemma
4.3 that

k
1< (s feBw)l) [ 7B da
< (lel/(12k3))qufk(k+1)/2_

The conclusion of the lemma follows on substituting this bound into (4.3). O

5. THE ANALYSIS OF THE MAJOR ARC CONTRIBUTION

By substituting the conclusions of Lemmata 3.1, 4.2 and 4.4 into the relation
(3.2), we find that
1
Nok(X;y) = Tu(P) + O(X*7 2HEF /D), (5.1)

The goal of this section is to obtain an asymptotic formula for Ts() that suffices
to confirm (1.5), and hence completes the proof of Theorem 1.1.

We begin by introducing the generating functions

X
1(6; X) :/ e(01y + ... + 0xyF) dy
-X

and

q
S(q,a) = Zeq(alr + .+ aprh),
r=1

in which e,(u) denotes e>™/4. Recall the notation (2.1). When 1 < i < s, we define
1(6; X) = I(ciB(0;:); X) and  Si(q,a) = S(q, c:iB(a; yi))-
Then, when a € B(q,a) C P, we write
Vi(a; q,a) = ¢ 1 Si(g,a) (e — a/q; X).

Define the function V;(a) to be Vi(a;q,a) when a € B(g,a) C B, and to be 0
otherwise. Then, when a € P(q,a) C B, we see from [15, Theorem 7.2] that

fleiBla; ) — Vi(a; q,a) < g+ X|gog — ar| + ... + X*|goy, — ax| < L2,

with the implicit constant in Vinogradov’s notation depending at most on ¢;, y; and
k. Thus, uniformly for o« € 93, we have the bound

[T f(Blasy) — [ Vila) < x>~ 11/,
=1

i=1

Write \
TH(P) = Vi(a) de.
(R) /m [[Vi(@a
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Then since mes(P) < L2+ X —kE+1D/2 we deduce that
Ty(P) = T3 (P) < x°THEH0L (52)
Next write
QX;D)=[-DX ', DX Y| x...x[-DX % DX
Then one finds that

TS (P) = 6(L)T(X; L), (5.3)
where .
T(X;D) = /Q (X.D)HIZ-(G;X)dO (5.4)
) i=1
and

&)= > > a*[[Sisa).

1<q<D 1<a<q =1
(g:2)=1

We examine the truncated singular integral T(X; D) and the truncated singular
series §(D) in turn. In this context, we recall the definitions of the real density oo
and the p-adic densities o}, from the sequel to the statement of Theorem 1.1. We
begin by examining the integrals

I(D :/ 1;(0;1)d0
D)= [, ITE@D
and

R1;[1 (6:1)

Lemma 5.1. Suppose that s > $k(k +1) 4+ 3. Then the limit Io = limp_, I(D)
exists, and one has

‘I(X, L) — IOOXs—k(k+1)/2 + O(Xs_k(k+1)/2L_1/k).

Moreover, one has I, = 000, and provided that the system (1.4) has a non-singular
real solution z € R?, one has o4, > 0.

Proof. We consider a parameter D with D > 1, and we put
Q°(D) =R*\ Q(1; D).

We begin by applying Hélder’s inequality to the mean value complementary to (5.4),
obtaining the bound

s s 1/s

[ Tmeniae<I[([ inenra) . (5.5)
(D) ;=1 i=1 \W (D)

Recall the bound

1(0;1) < (14 |01] + ... + |6:]) Y/,
available from [15, Theorem 7.3]. When 6 € Q°(D), one has |#;| > D for some index
i with 1 < ¢ < k. Then in view of the definition (2.1) of 3(0;y;), we have

sup  |I;(0;1)] <y D™YVE.
0e0°(D)
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Thus, leaving the dependence of y implicit in Vinogradov’s notation henceforth, we
deduce that

1 1
/ 11;(0;1)|° d6 < (D~ '/*)s—2klk+1)=2 / |1;(6; 1) 2F*+1D+2 g9, (5.6)
Qc(D) Rk

When t > 2k(k + 1) + 1, the integral

/ 11(6;1)[*d6
Rk

converges absolutely (see [1, Theorem 1.3]). Thus, one finds by a change of variable
that

/ 11:(6:1)] 46 < / 1(0: 1)1 d < 1.
RF RK
By substituting this bound first into (5.6) and then into (5.5), we obtain the estimate

/ [117:(6;1)]d6 < D~V/*%.
“(D) i=1

It therefore follows that the integral I, converges absolutely, and further that one
has I, — I(D) < D~'/*. Moreover, by two changes of variable, we are led from
(5.4) to the relation

T(X; L) = xs~hk+1)/2 / [[7(6;1)a6
QL) ;4

— X k(+1)/2 (IOO + O(L—l/’f)> . (5.7)

At this point we recall the definitions of the quantities Mo (7) and 0, defined in
the sequel to the statement of Theorem 1.1. Since the singular integral I, converges
absolutely, it follows from the argument of [8, §9] that

Io = lim (2) "My (n) = 0o
n—0+

It is apparent, moreover, that whenever the system of equations (1.4) has a non-
singular real solution, then one has M., (1) > n*, and hence o, > 0. In view of the
conclusion (5.7) already obtained, the proof of the lemma is complete. O
Before discussing the singular series
G = lim &(D),
D—oo

we introduce the quantity

Al =Y. ¢*]]Siqa).

1<a<q i=1
(g,2)=1

Thus, one has

S(D)= Y Ala)
1<g<D
and the singular series is given by the infinite sum

& =) Alg). (5.8)
q=1
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Lemma 5.2. Suppose that s > k(k + 1). Then the singular series & converges
absolutely. Moreover, for each prime number p, the limit o, exists, the product over
all primes Hp op converges absolutely, and one has & = Hp op. Moreover, one has

L) =[] op+ 0@ "1EM), (5.9)

and provided that the system (1.4) has a non-singular p-adic solution for each prime
number p, one has Hp op > 1.

Proof. We may suppose that s > k(k+1). Put t = %k‘(k‘ +1)+ g Then, in view of
our assumption throughout that £ > 3, one sees that

s—t>3k(k+1)—5>k+3,

and in particular $k(k+1)+2 < t < s. From [15, Theorem 7.1], we find that when
(¢,a) = 1 one has S(g,a) < ¢'~'/#*=. Hence, we deduce that

Si(q,a) <y ¢'~VkFE

Again suppressing the implicit dependence on y in Vinogradov’s notation, an appli-
cation of Holder’s inequality reveals that

s 1/s
A(q) <H( > q‘S\Si(q,a)F)

i=1 \ 1<a<q
(g,2)=1
s 1/s
< (5 i)
i=1 \ 1<a<q
(g,2)=1

Since we have arranged parameters so that s — ¢ > k + %, we find by means of
Holder’s inequality that

1/s
> lA(g)| < D70 1/3kH<Z > ¢7'Si(g.a > : (5.10)

q=D i=1 \¢g=D 1<a<gq
(g,2)=1

A change of variable supplies the estimate
> Y sl <> Y s
q=D 1<a<q g=1 1<a<q
(g:2)=1 (g,2)=1

By reference to [1, Theorem 2.4], the sum on the right hand side here is absolutely
convergent for t > $k(k + 1) 4+ 2. We therefore derive from (5.10) the upper bound

> A(g) < DGR, (5.11)
q=D

and thus the singular series (5.8) is absolutely convergent, and one has

S — (L) < L1716k, (5.12)
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The standard theory of singular series shows that the function A(q) is a multiplicative
function of ¢ (see [15, §2.6] for the necessary ideas). Moreover, since (5.11) shows
that, for each prime number p, one has

A" < p HOHER),
h>H

we see that the limit
H

1i h
h=0

exists, and that the infinite sum
[o¢]
h
A=) AW
h=0

is absolutely convergent with A, = 1 + O(p~'~'/Bk). Thus the infinite product
Hp A, is absolutely convergent and & = Hp Ap. In particular, we deduce from
(5.12) that
S(L) - [[4, < L717VER, (5.13)
P
Once again applying the standard theory of singular series, moreover, one has

H
> AW = p" M, (1),
h=0
where M,(H ) denotes the number of solutions of the system
S
S etz =0 (mod p™) (1< < k),
i=1

with 1 < z < pff. Thus we find that A, is equal to the p-adic density o, defined
in the sequel to the statement of Theorem 1.1. We are at liberty to assume that
the system of equations (1.4) has a non-singular p-adic solution for each prime p. It
therefore follows via Hensel’s lemma that there is a non-negative integer v}, satisfying
the property that, whenever H > v, one has

M,(H) > p(H—Vp)(S—’C) ’

whence
op, = lim pH*E=9N(H) > p= =k > 0.

H—oo

Then, on recalling that o, = 1 + O(p~'~1/Bk) we find that there is a positive
integer pp with the property that

&= T[ow> [L0-p ") 51,
p P>po

whilst at the same time & <« 1. The proof of the lemma is completed on noting
that since A, = 0, the relation (5.13) yields the asymptotic relation (5.9). O

We are now equipped to complete the asymptotic analysis of the major arc con-
tribution 7 ().
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Lemma 5.3. Suppose that s > k(k + 1), and the system (1.4) has a non-singular
real solution, and a non-singular p-adic solution for each prime p. Then one has

Ts(B) = 00 (H ap) Xs—R(k+1)/2 4 o xs—h(k+1)/2),
p

in which the product over real and p-adic densities is positive.

Proof. By substituting the conclusions of Lemmata 5.1 and 5.2 into (5.3), we find
that

TH(P) = (6 n O(L—l—l/(3k))> (UOOXs—k(k—i-l)/Q 4 O(Xs—k(k+1)/2L—1/k))

— o (H UP>XS_k(k+1)/2 i O(Xs—k(k+1)/2L—1/k).
p

Moreover, the product over real and p-adic densities here in the leading asymptotic
term is positive. We therefore conclude from (5.2) that

T(F) = 0o (H 0p>X8"“(’““)/2 L O(XPREHD/2 =1k,
P
and the proof of the lemma is complete. O

6. THE PROOF OF THEOREMS 1.1 AND 1.2

The completion of the proofs of our main theorems is now at hand, though we
defer to the next section a consideration of the nature of the singularities of the
system (1.4).

The proof of Theorem 1.1. On recalling (5.1), we find that when s > k(k + 1) and
ciyi #0 (1 <i < s), one has

Now(X5y) = To(P) + o(X D), (6.1)

The hypotheses of Theorem 1.1 permit us to assume that the system (1.4) possesses
non-singular real and p-adic solutions, for each prime number p. Thus, we deduce
from Lemma 5.3 that

Ty(B) = €, (y) X5 FEHD/2 o x5—h(+1)/2),

where € k(y) = 0w [[,0p > 0. The conclusion of Theorem 1.1 now follows by
substituting this asymptotic relation into (6.1). O

The proof of Theorem 1.2. The proof of the upper bound (1.8) has already been
accomplished in Lemma 2.2 and the discussion following the latter. Turning now to
the proof of the upper bounds (1.9) and (1.10), suppose that & > 3 and s > k(k+1).
We set y; =1 for 1 < j <sandputn=cy+...4+cs # 0. In this scenario, we find
that (3.3) delivers the estimate

3

[ eras) - files X)dac = ST (20 (6.2)
p

i=1
where, by virtue of Lemmata 3.1, 4.2 and 4.4,

3
() < PG LG (6.3)
=1
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When s = k(k 4 1), the right hand side here is O(X ~9)/2) where § = 1/(4k%), and

1 1
when s > k(k + 1), it is instead O(X*~2%++D=29)  In either case, therefore, the
upper bounds (1.9) and (1.10) follow by substituting (6.3) into (6.2). O

7. THE NON-SINGULARITY OF NON-ZERO SOLUTIONS

Suppose that the system of equations (1.4) has a non-zero solution z # 0 lying
in either R* or @}, for a given prime p. Our goal in this section is to show that
this solution is in fact non-singular under the conditions discussed in the sequel to
the statement of Theorem 1.1. We assume throughout that the equation (1.2), with
n# 0and ¢; # 0 (1 < i < s), has a solution y with y; # 0 (1 < ¢ < s). Then,
should the system (1.4) have a non-zero solution z over R, or over Q,, we find that
z satisfies the system of equations

Yoyt (zi/y) =0 (1<j<k). (7.1)
i=1

Suppose, by way of deriving a contradiction, that this solution z is singular. Then,
for any k-tuple (i1,...,14;) of natural numbers satisfying 1 < i; <ip < ... < i < s,
one must have

= 0. (7.2)

k=g -1
det (jc”yil Zi )1<jl<k:_

Since ¢;y; # 0 for 1 < i < s, a consideration of Vandermonde determinants reveals
that the condition (7.2) is satisfied if and only if

2 \J1 P o

0 = det <l> -1 (z_])
Yi, . . Yi; Yi,
1<,I<k 1<k J

This relation implies that
W _ %
Yi, yij
for some indices j and [ with 1 < j <[ < k, and thus we are forced to conclude that
the set {z;/y; : 1 <1i < s} contains at most k — 1 distinct values.

By relabelling indices, we may suppose that, for some integer r with 1 <r < k—1,

each of the rational numbers
Z1 22 Zr

yi'y2
is distinct, and further that, whenever ¢ > r, one has

Yi Y1 Yr

We define an equivalence relation on indices by defining i ~ j whenever one has
2i/yi = zj/y;. Then, on putting

)

k
Y; .
CZ': E CJ% (1<Z<’I"),

1G<s  Yi
i

we see that the equation (1.2) becomes

Ciyf + ...+ Cryf =n, (7.3)



SUBCONVEXITY VIA THE CIRCLE METHOD 21

while the equations (7.1) transform into the new system

docuwt(2) =0 a<j<h), (7.4)
i=1 Yi
subject to the condition
Zi 2l )
— £ = (1<i<I<r). 7.5
Yi U ( ) (7.5)

Notice here that since n # 0, it follows from the equation (7.3) that C;y¥ # 0 for
some index 7 with 1 < i < r. Moreover, since (z1,...,2;) # 0, the relation (7.5)
ensures that z; = 0 for at most one index ¢ with 1 < ¢ < 7, and in such circumstances
one must have r > 2.

Should the solution y of (1.2) satisfy the condition that there be no vanishing
subsums, then C; # 0 for 1 < i < r. We suppose either that such is the case and
z # 0, or else that z; # 0 for 1 <i < s. In both circumstances we relabel indices in
such a manner that C;z; # 0 for 1 < i < R, and C;z; = 0 for R < ¢ < r. Here, in
either scenario, our discussion thus far permits us the assumption that 1 < R < k.
We now infer from the system of equations (7.4) that

ic;ﬁ(j)y ~0 (1<j<R)
i=1 v

We view these relations as a system of linear equations, with the quantities Ciyf
(1 <7 < R) as variables. Then since in either scenario under consideration, we have
C’iyf # 0 for all indices ¢ with 1 < i < R, we see that

NJ
dt(<> ) 0,
Yi 1< j<R

Expanding the Vandermonde determinant, we thus conclude that

i), G2
=1 I cicier NYi Y

But the hypothesis (7.5) ensures that the second product on the left hand side is
non-zero, and our hypothesis C;z; # 0 for 1 < ¢ < R ensures that the first product
on the left hand side is non-zero. We therefore arrive at a contradiction, so that the
solution z cannot in fact be singular. The conditions in the sequel to the statement
of Theorem 1.1 consequently suffice to guarantee the existence of non-singular real
and p-adic solutions, as we had claimed.
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