ON VINOGRADOV’S MEAN VALUE THEOREM:
STRONGLY DIAGONAL BEHAVIOUR
VIA EFFICIENT CONGRUENCING

KEVIN FORD" AND TREVOR D. WOOLEY*

ABSTRACT. We enhance the efficient congruencing method for estimating
Vinogradov’s integral for moments of order 2s, with 1 < s < k2 — 1. In this
way, we prove the main conjecture for such even moments when 1 < s <
1(k+1)2, showing that the moments exhibit strongly diagonal behaviour in
this range. There are improvements also for larger values of s, these finding
application to the asymptotic formula in Waring’s problem.

1. INTRODUCTION

Considerable progress has recently been achieved in the theory of Vino-
gradov’s mean value theorem (see [12], [14]), associated estimates finding ap-
plication throughout analytic number theory, in Waring’s problem and the
theory of the Riemann zeta function, to name but two. The vehicle for these
advances is the so-called “efficient congruencing” method, the most striking
consequence of which is that the main conjecture in Vinogradov’s mean value
theorem holds with a number of variables only twice the number conjectured
to be best possible (see [12, Theorem 1.1]). Our goal in the present paper is to
establish the main conjecture in the complementary variable regime, showing
that diagonal behaviour dominates for half of the range conjectured. In com-
mon with the previous work cited, this work far exceeds in this direction the
conclusions available hitherto for any Diophantine system of large degree k.

When k and s are natural numbers, denote by J; (X ) the number of integral
solutions of the system of Diophantine equations

S

Yl -y)=0 (1<j<h), (1.1)
i=1

with 1 < 25,9, < X (1 <4< s). The lower bound
Jor(X) 3> X* 4 X2mah(tD), (1.2)

arises by considering the diagonal solutions of the system (1.1) with x; = y;
(1 < i < s), together with a lower bound for the product of local densities
(see [6, equation (7.5)]). Motivated by the latter considerations, the main
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conjecture in Vinogradov’s mean value theorem asserts that for each € > 0,
1
one has

Jop(X) < X°(X® 4 X2k (1.3)
In §7 of this paper, we prove the main conjecture (1.3) for 1 < s < i(k +1)%

Theorem 1.1. Suppose that k > 4 and 1 < s < le(k + 1)2. Then for each
€ >0, one has

Top(X) < X5+ (1.4)

In the range 1 < s < k, the upper bound Jx(X) < X* follows directly
from the Viéte-Girard-Newton formulae concerning the roots of polynomials.
Hitherto, the only other case in which the bound (1.4) had been established
was that in which s = k+1 (see [3, Lemma 5.4], and [7] for a sharper variant).
The extension of the range 1 < s < k + 1, in which the bound (1.4) is known
to hold, to 1 <'s < 3(k + 1)? covers half of the total range predicted by the
main conjecture. Previous approximations to strongly diagonal behaviour in
the range 1 < s < ;(k 4 1)? were considerably weaker. The second author

established that when s < k%2(logk)™!, one has the bound
Jch(X) < Xs—&-l/s,k-i-a’

with v, = exp(—Ak?/s?), for a certain positive constant A (see [9]), and with
Ve = 4s/k? in the longer range s < (k+1)? (see [14]). Both results improve
on earlier work of Arkhipov and Karatsuba [1] and Tyrina [5], these authors
offering substantially sharper bounds than the classical work of Vinogradov [§]
for smaller values of s.

We also improve upon bounds for J; x(X) given in [12] and [14] in the range
HEk+1)? <s<k -1

Theorem 1.2. One has the following upper bounds for Jsi(X).
(i) Let s and m be non-negative integers with
2m <k and s> (k—m)*+ (k—m).
Then for each € > 0, one has
Jon(X) < X2s—%k(k+1)+5k,m+s’ (1.5)

where

5k,m = mz.

(ii) Let s and m be non-negative integers with
om<k—1 and s> (k—m)*— 1.
Then for each € > 0, one has the upper bound (1.5) with

m
Spm=m>+m+ — .
k, k—m-—1

IThroughout this paper, the implicit constant in Vinogradov’s notation < and > may
depend on s, k and €.
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We note that the second bound of Theorem 1.2, with m = 0, recovers
Theorem 1.1 of [14], which asserts that the bound (1.3) holds for s > k% — 1.
Meanwhile, the first bound of Theorem 1.2, again with m = 0, recovers the
carlier estimate provided by the main theorem of [12], which delivered (1.3)
for s > k% + k.

One measure of the strength of Theorem 1.2 compared with previous work is
provided by the bound for J, ;(X) furnished in the central case s = Sk(k+1).
For this value of s, it follows from [14, Theorem 1.4] that

Jor(X) < X548,

k*+O(k). Meanwhile, Theorem 1.2 above establishes such a bound
3 — V2)k* + O(k). Note that
3 V/2=0.085786... < 0.125 = L

More generally, in the situation with s = ak?, in which « is a parameter with
L < a <1, we find from [14, Theorem 1.4] that

J, k(X) < )(*257%I€(16+1)+A(o¢)7
where A(a) = 1(1—a)?k*+O(k). Theorem 1.2, on the other hand, shows that
such a bound holds with A(a) = (1 — y/a)?k? + O(k). Note on this occasion
that When 2 < a <1 one has

(1-+va)* < 3(1—-a),

as is easily verified by a modest computation.

Theorems 1.1 and 1.2 are special cases of a more general estimate, and it is
the proof of this which is our focus in §§2 to 7.

Theorem 1.3. Suppose that k, r and t are positive integers with
k>2, max{2,3(k—-1)}<t<k, 1<r<k and r+t>k  (1.6)
Define k = k(r,t, k) by

:r(t—i—l)—%(t—kr—k)(t+r—k—1+2tr__12). (L.7)

Then for each € > 0, one has
Jr(t—‘,—l),k(X) < XQr(t+1)fﬁ+E.

Theorem 1.1 follows directly from Theorem 1.3 on taking r and ¢ to be suit-
able integers satisfying r+t = k. When k is even we put r = ¢ = k/2, and when
k is odd we instead put r = 3(k + 1) and t = $(k — 1). In each case it follows
that s = r(t + 1) is the largest integer not exceeding 1(k + 1)?, and we have
Jsx(X) < X*¢. For smaller values of s, the same conclusmn is a consequence
of the convexity of exponents that follows from Hélder’s inequality?.

2Holder’s inequality was evidently first proved, in a form different from that usually found
in textbooks, by L. J. Rogers, An extension of a certain theorem in inequalities, Messenger
of Math., New Series XVII (10) (February 1888), 145-150.
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Theorem 1.2 follows in the first case from Theorem 1.3 on putting r =t =
k — m, since then we obtain
k(rt k) = (k—m)(k —m+1) — 3(k — 2m)(k — 2m + 1)
= 1k(k+1) —m?.

Meanwhile, in the second case we put r = k — m — 1 and t = k — m, in this
instance obtaining

2
m

In broad strokes, Theorem 1.3 is obtained by fully incorporating the ideas
of Arkhipov and Karatsuba [1] and Tyrina [5] into the efficient congruencing
method which was first created in [12] and further developed in [14]. The
parameters r and ¢ control the way in which solutions of certain systems of
congruences are counted (see (3.1) below). The power of the method is en-
hanced by the flexibility to choose the latter parameters, constrained only by
(1.6). In particular, the work in [12] corresponds to the case r =t = k, while
[14] covers the cases t = k and r +t = k + 1. We describe in more detail the
role played by r and t in §3. The reader will find the fundamental estimate
which lies at the core of our argument in Lemma 3.3 below.

There are consequences of the new estimates supplied by Theorem 1.2 in
particular so far as the asymptotic formula in Waring’s problem is concerned.
By applying the mean value estimates published in work [2] of the first author
in combination with mean value estimates restricted to minor arcs established
in work [13] of the second author, one may convert improved estimates in
Vinogradov’s mean value theorem into useful estimates for mean values of ex-
ponential sums over kth powers. These in turn lead to improvements in bounds
for the number of variables required to establish the anticipated asymptotic
formula in Waring’s problem. In the present paper we enhance these tools by
engineering a hybrid of these approaches, increasing further the improvements
stemming from Theorem 1.2. We discuss this new hybrid approach in §8, ex-
ploring in §9 consequences for the asymptotic formula in Waring’s problem.
The details are somewhat complicated, and so we refer the reader to the latter
section for a summary of the bounds now available.

The authors are grateful to Xiaomei Zhao for identifying an oversight in the
original proof of Lemma 7.2 that we have remedied in the argument described
in the present paper. The authors also thank the referee for carefully reading
the paper and for a number of useful comments.

2. PRELIMINARIES

We initiate the proof of Theorem 1.3 by setting up the apparatus necessary
for the application of the efficient congruencing method. Here, we take the
opportunity to introduce a number of simplifications over the treatments of
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[12] and [14] that have become apparent as the method has become more
familiar. Since we consider the integer k to be fixed, we abbreviate J; (X)) to
Js(X) without further comment. Our attention is focused on bounding Js(X)
where, for the moment, we think of s as being an arbitrary natural number.
We define the real number A} by means of the relation

P log J5(X)
A= ISP T e X
It follows that, for each § > 0, and any real number X sufficiently large in
terms of s, k and 6, one has J,(X) < X*. In the language of [12] and [14],
the real number A! is the infimum of the set of exponents A\; permissible for
s and k. In view of the lower bound (1.2), together with a trivial bound for
Js(X), we have
max{s,2s — 1k(k+ 1)} < A! < 2s, (2.1)
while the conjectured upper bound (1.3) implies that the first inequality in
(2.1) should hold with equality.

Next, we record some conventions that ease our expositary burden in what
follows. The letters k, r and ¢ denote fixed positive integers satisfying (1.6),
and

s =rt.

We make sweeping use of vector notation. In particular, we may write z =
w (mod p) to denote that z; = w; (mod p) (1 < i < r), z = £ (mod p) to
denote that z; = & (mod p) (1 < i < ), or [z (mod ¢)] to denote the r-tuple
(C1,..-,¢), where for 1 <i < ronehas1<( <qgand z = (mod q). Also,
we employ the convention that whenever G : [0,1)* — C is integrable, then

%G(a) da = oy G(a)do.

For brevity, we write A = AZ,,. Our goal is to show that A < 2(s + 1) — &,
in which & is the carefully chosen target exponent given in (1.7). Let N be an
arbitrary natural number, sufficiently large in terms of s, k, t and r, and put

0= (16t)™""' and &= (1000Nt")~'0. (2.2)

In view of the definition of A\, there exists a sequence of natural numbers
(X¢)2,, tending to infinity, with the property that
Jorr(X0) > X0 (L €N). (2.3)
Also, provided that X, is sufficiently large, one has the corresponding upper
bound
Jo(Y) <YM for vV 2 X)* (2.4)
In the argument that follows, we take a fixed element X = X, of the sequence
(X¢)72,, which we may assume to be sufficiently large in terms of s, k, r, t and
N. We then put M = X% Throughout, constants implied in the notation of

Landau and Vinogradov may depend on s, k, v, t, N, 6, and 4, but not on any
other variable.
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Let p be a fixed prime number with M < p < 2M to be chosen in due course.
That such a prime exists is a consequence of the Prime Number Theorem.
When ¢ and € are non-negative integers, and a € [0, 1)*, define

fe(a; &) = Z e(onx + ax® 4 ...+ Oékl‘k), (2.5)

1<z<X
=€ (mod p°)

where e(z) denotes the imaginary exponential €*™*. As in [14], we must con-
sider well-conditioned r-tuples of integers belonging to distinct congruence
classes modulo a suitable power of p. The following notations are similar to,
though slightly simpler than, the corresponding notations introduced in [12]
and [14]. Denote by Z.(£) the set of r-tuples (&1, ...,¢&,), with

1< <p™ and & =¢ (modpf) (1<i<r),

and such that &,..., & are distinct modulo p™!. We then define

Fela;€) = Z ch+1(a;§z‘)7 (2.6)

§eEL(6) =1
where the exponential sums f.11(c; ;) are defined via (2.5).

Two mixed mean values play leading roles within our arguments. When «a
and b are positive integers, we define

Loo(X:6,m) = 74 Balex: )% (e )| do (2.7)
and
Kop(X:6,m) = 74 Bl €)% (cs )| der. (2.8)

For future reference, we note that as a consequence of orthogonality, the mean
value I, ,(X; €&, m) counts the number of integral solutions of the system

D @y =) (W —wl) (1<j<k), (2.9)

i=1 =1
with

1<x,y,v,w< X, v=w=n (mod p®),

[x (mod p™)] € Z4(§) and [y (mod p*™)] € E(E).

Similarly, the mean value K, ;(X; &, n) counts the number of integral solutions
of the system

r t r
> @l —yl) = (v, — wp,) (1< j<K), (2.10)
i=1 I=1 m=1
with
1<xy <X, [x(mod p™™)] € Z(€), [y (mod p™)] € Z(6),
and for 1 <1<t
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It is convenient to put

I,,(X) = ma ax I, (X;E, 2.11
p(X) = max - max - Loy (X56,7) (2.11)
n#¢ (mod p)
and
K.p(X)= max max K,,(X;&n). (2.12)
1<€<p®  1<n<pd
nZ¢ (mod p)

Of course, these mean values implicitly depend on our choice of p, and this will
depend on s, k, r, t, 6 and X, alone. Since we fix p in the pre-congruencing
step described in §6, following the proof of Lemma 6.1, the particular choice
will be rendered irrelevant.

The pre-congruencing step requires a definition of K¢;,(X) consistent with
the conditioning idea, and this we now describe. When (¢ is a tuple of integers,
we denote by =(¢) the set of r-tuples (&,...,&) € Z3(0) such that & #
¢; (mod p) for all 7+ and j. Recalling (2.5), we put

Fed) = > [[f(e). (2.13)

§e=(¢) =1
Finally, we define
I(X3n) ZfIS(a;n)ch(a;n)Qsldm (2.14)
Ro(Xin) =  [§tasn)?5.en)]| de. (2.15)
Koo(X) = max K.(X;n). (2.16)
1<n<pe

As in [12] and [14], our arguments are simplified by making transparent the
relationship between mean values and their anticipated magnitudes. In this
context, we define [[Jg;,(X)]] by means of the relation

Joe(X) = XEVR (X)), (2.17)
Also, we define [[1,4(X)]] and [, ,(X)]] by means of the relations
Lop(X) = (X/MP)* (X /M) [[Lp(X))] (2.18)
and
Kap(X) = (X/M)* (X/ M) [ Kop(X)])- (2.19)
The lower bound (2.3), in particular, may now be written as
[Tsr (X)) > X272, (2.20)
where we have written
A=X=2(s+7)+ k. (2.21)

We finish this section by recalling a simple estimate from [12] that encapsu-
lates the translation-dilation invariance of the Diophantine system (1.1).
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Lemma 2.1. Suppose that c is a non-negative integer with cd < 1. Then for
each natural number u, one has

max %\fc " doe <oy Ju(X/MC).

1<E<pe
Proof. This is [12, Lemma 3.1]. O
We record an immediate consequence of Lemma 2.1 useful in what follows.

Corollary 2.2. Suppose that ¢ and d are non-negative integers with ¢ < 0!
and d < 0~'. Then whenever u,v € N and &, € Z, one has

U v e\ u/(u+v v/(u+v
74 o0 €)Fal 0 )] dex Loy (Jupo (/MM O (g (X 20%)
Proof. This follows at once from Lemma 2.1 via Holder’s inequality. OJ

3. AUXILIARY SYSTEMS OF CONGRUENCES

Following the pattern established in [12], in which efficient congruencing
was introduced, and further developed in [14], we begin the main thrust of our
analysis with a discussion of the congruences that play a critical role in our
method.

Recall the conditions (1.6) on k, r and t. When a and b are integers with
1 < a < b, we denote by B ,(m;&,n) the set of solutions of the system of

congruences
r

Z(Zi —n) =m; (mod p*) (1<j<k), (3.1)
i=1
with 1 < z < p* and z = € (mod p**!) for some € € = (£). We define an
equivalence relation R(A) on integral r-tuples by declaring the r-tuples x and
y to be R(\)-equivalent when x =y (mod p*). We then write C;Z(m, ¢, n) for
the set of R(tb)-equivalence classes of By ,(m;¢&, ), and we define BZZ(p) by
putting

B (p) = 2
ap(p) = max Jnax, 1<r33>;kbcard(0ab(m ;6,m))- (3.2)
nZ& (mod p)

When a = 0 we modify these definitions, so that Bgyb(m;f ,m) denotes the
set of solutions of the system of congruences (3.1) with 1 < z < p* and
z = & (mod p) for some & € =((§), and for which in addition one has z; #
n (mod p) for 1 < ¢ < r. As in the previous case, we write CSZZ(m;S,n) for
the set of R(tb)-equivalence classes of Bj,(m;¢,n), but we define Bg:i(p) by
putting

BS:Z(p) = max max card(COb(m 0,7)). (3.3)

1<n< pb 1<m§p
We note that although the choice of ¢ in this situation with a = 0 is irrelevant,

it is notationally convenient to preserve the similarity with the situation in
which a > 1.
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Our argument exploits the non-singularity of the solution set underlying
B;Z(p) by means of a version of Hensel’s lemma made available within the
following lemma.

Lemma 3.1. Let fi,..., fq be polynomials in Zlxy, ..., x4 with respective de-
grees ki, ..., kq, and write

of;
J(f;x :det( J > .
(f;x) 8x,< X) i

When w is a prime number, and | is a natural number, let N'(f; ') denote
the number of solutions of the simultaneous congruences

fi(z1,...,2q) =0 (mod @') (1 <j<d),
with 1 < 2; < @' (1 <i<d) and (J(f;x),@) = 1. Then N(f; ') < ky - kq.
Proof. This is [10, Theorem 1]. O

We recall also an auxiliary lemma from [14], in which terms are eliminated
between related polynomial expansions.

Lemma 3.2. Let a and B be natural numbers. Then there exist integers c
(o <Il<a+p) andd, (B <m < a+ ), depending at most on « and B, and
with dg # 0, for which one has the polynomial identity

B atp
Co + Z Cast(r + 1) = Z dyx™.
=1
Proof. This is [14, Lemma 3.2]. O

Our approach to bounding Br’t( ) proceeds by discarding the & — r con-
gruences of smallest modulus p7b (1 < j < k — 1), but nonetheless aims to
lift all solutions to the modulus p*®. The idea of reducing the lifting required,
which is tantamount to taking ¢ < k, was first exploited by Arkhipov and
Karatsuba [1] in the setting of Linnik’s classical p-adic approach [4]. Likewise,
taking r < k removes from consideration those congruences that require the
greatest lifting and produce the biggest inefficiency in the method. Tyrina [5]
took r = t > k/2 and further improved bounds on J,(X) for s = O(k?).
Later, the second author used a hybrid approach (see [9, Lemma 2.1]), with
r and t as free parameters, to obtain large improvements to the bounds for
s = O(k3/?7°).

We also follow a very general approach here, keeping r and ¢ as free param-
eters, subject only to the necessary constraints given in (1.6). For Theorem
1.1, the crucial observation is that when r+¢ = k, then there is no lifting at all
and we capture only diagonal solutions in the symmetric version of (3.1). This
observation is reflected in the fact that the coefficients 4 and v imminently to
be defined satisfy the condition p = v = 0 in this situation.
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The following lemma generalises Lemmata 3.3 to 3.6 of [14]. For future
reference, at this point we introduce the coefficients

p=3t+r—k)t+r—k—1) and v=3(t+r—k)(k+r—t—1). (3.4)

Lemma 3.3. Suppose that k, r and t satisfy the conditions (1.6), and further
that a and b are integers with 0 < a <b and b > (k —t — 1)a. Then

By (p) < klpte.
Proof. We suppose in the first instance that ¢ > 1. Fix integers £ and n with
1<E<p’, 1<n<p’ and 7 # ¢ (mod p).

We consider the set of R(tb)-equivalence classes of solutions CZ:Z(m;g ,n) of
the system (3.1), in our first step upgrading a subset of the congruences to the

same level. Put
p=k—r+1 and w=max{0,k—1t—1}.

We denote by Di(n) the set of R(tb)-equivalence classes of solutions of the
system of congruences

T

> (zi—n) =n; (mod p*)  (p<j< k), (3.5)

i=1
with 1 < z < p* and z = € (mod p*™!) for some & € =7 (£).

Recall our assumed bound b > wa and fix an integral k-tuple m. To any
solution z of (3.1) there corresponds a unique r-tuple n = (n,,...,n;) with
1 < n < p*a for which (3.5) holds and

n; =m; (mod p”¥)  (p<j<k)
where o(j) = min{jb, tb + wa}. We therefore infer that

Cop(ms€,m) C Jg - U .

1<np<ptb+wa 1<nk<ptb+wa
np=m, (mod p(P)) np=my, (mod p7 )

The number of r-tuples n in the union is equal to

t
Hp(tfj)bﬂua _ (pb)%(tfp)(tprrl)(pa)(tprrl)w _ p,ub+(tfp+1)wa.
J=p

Consequently,
card(Cpy(m; &,m)) < p"*+ =Pt max  card(Dy(n)). (3.6)

1<n<ptb+“a
Observe that for any solution z’ of (3.5) there is an R (tb)-equivalent solution
z satisfying 1 < z < p™“% We next rewrite each variable z; in the shape
2 = py; + & In view of the hypothesis that z = £ (mod p**!) for some
&€ € =1 (&), the r-tuple y necessarily satisfies

Vi ZYym (mod p) (I1<i<m<r). (3.7)
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Write ( = & — n, and note that the constraint n Z £ (mod p) ensures that
p 1 ¢. We denote the multiplicative inverse of ¢ modulo p®t“® by ¢~*. In this
way we deduce from (3.5) that card(D;(n)) is bounded above by the number
of R(tb — a)-equivalence classes of solutions of the system of congruences
S ¢ + 1) =0 (mod pPTY) (p<i<k),  (38)
i=1
with 1 < y < pT@=De satisfying (3.7). Let y = w be any solution of the
system (3.8), if indeed any one such exists. Then we find that all other solutions
y satisfy the system

S (P w¢ + 1) = (pwi¢ T + 1)) =0 (mod p*t) (p<j < k). (3.9)

i=1

Next we make use of Lemma 3.2 just as in the corresponding argument of
the proof of [14, Lemmata 3.3 to 3.6]. Consider an index j with p < j < k,
and apply the latter lemma with « = p—1 and =7 — p+ 1. We find that
there exist integers ¢;; (p—1 <1 < j) and d;,, (j—p+1 < m < j), depending
at most on j and k, and with d; ;_,11 # 0, for which one has the polynomial
identity

Cjope 1+Zcﬂx+ Z dj ™. (3.10)
l=p m=j—p+1

Since we may assume p to be large, moreover, we may suppose that p{ d; j_,11.
Thus, by multiplying the equation (3.10) through by the multiplicative in-
verse of d;;_,11 modulo p™*“? we see that there is no loss in supposing that
djj—p+1 =1 (mod p™***). Taking suitable linear combinations of the congru-
ences comprising (3.9), therefore, we deduce that any solution of this system
satisfies

(7Y () — 5 (wi)) = 0 (mod ™) (p < j < k),

i=1

in which '
J
Yi(z) =2 Y dy ()
m=j—p+2
We note for future reference that when a > 1, one has
Y;(z) = 2777 (mod p). (3.11)

Denote by Dy(u) the set of R(tb — a)-equivalence classes of solutions of the
system of congruences

Z@Z)j(yi) = u; (mod ptb+wa—(j—p+1)a) (p<j<h),
i=1

with 1 <y < p+(@=1e satisfying (3.7). Then we have shown thus far that
card(D1(n)) < max card(Dsy(u)). (3.12)

1<u ptb+wa
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Let D3(v) denote the set of solutions of the system
> i) = v; (mod p*) (p < j < k), (3.13)
i=1

with 1 <y < p @ satisfying (3.7). For p < j <k, let
7(7) = min{tb — a,tb + wa — (j — p+ 1)a}.
From (1.6) we see that 7(k) = tb + wa — ra < tb — a, and we obtain

card(Ds(u)) < > . > card(Ds(v))

1<,Up<ptb7a 1<,Uk<ptb7a
vp=u, (mod p™(P)) vp=uy, (mod p™(*))
< (P2 max  card(Ds(v)). (3.14)

1<V<ptb7“
By combining (3.6), (3.12) and (3.14), we discern at this point that
card(CLh(m; €, 1)) < (pV)F(p) oDtz max card(D;(v))
’ 1<V<pt —a

= "™ max  card(Ds(v)). (3.15)

1<v<ptb—a

It remains now only to bound the number of solutions of the system of con-
gruences (3.13) lying in the set D5(v). Define the determinant

J(4h;x) = det (U4, (1), e,

In view of (3.11), one has ¥/, (y;) = Iy’ (mod p). Tt follows from (3.7)
that
det(yzl‘il)lgi,lgr = H (yi — Ym) Z 0 (mod p),
1<i<m<r

so that, since p > k, we have (J(v¢;y),p) = 1. We therefore deduce from
Lemma 3.1 that

card(D3(v)) < p(p+1)---k < k!,
and thus the conclusion of the lemma when a > 1 follows at once from (3.2)
and (3.15).

The proof presented above requires only small modifications when a = 0. In
this case, we denote by D;(n;n) the set of R(tb)-equivalence classes of solutions
of the system of congruences (3.5) with 1 < z < p** and z = ¢ (mod p) for
some & € Z((0), and for which in addition z; Z n (mod p) for 1 <i < r. Then
as in the opening paragraph of our proof, it follows from (3.1) that

card(Cpr(m; 0, 7)) < p*° maxbcard(Dl(n; n)). (3.16)
’ 1<ngp?

But card(D;(n;n)) = card(D;(n;0)), and card(D;(n;0)) counts the solutions
of the system of congruences

> yl=mn; (mod p®) (p<j<k),
=1
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with 1 <y < p' satisfying (3.7), and in addition pfy; (1 <i < 7). Write

J(y) =det ((p+5— Dyl ...
Then, since p > k, we have

I) = it T (i) 20 (mod p).

1<i<j<r

We therefore conclude from Lemma 3.1 that
card(Dy(n;0)) < p(p+1)---k <kl

In view of (3.3), the conclusion of the lemma therefore follows from (3.16)
when a = 0. O

4. THE CONDITIONING PROCESS

We follow the previous treatments of [12] and [14] in seeking next to bound
the mean value I, ,(X; ¢, n) in terms of analogous mean values K, 11 (X; €, (),
in which variables are arranged in “non-singular” blocks. We deviate from
these earlier treatments, however, by sacrificing some of the strength of these
prior results in order to simplify the proofs. In particular, we are able in
this way to avoid introducing coefficient r-tuples from {1, —1}" within the
conditioned blocks of variables.

Lemma 4.1. Let a and b be integers with b > a > 1. Then one has

Lip(X) < Kop(X) + M*BI, 00 (X).

Proof. Fix integers ¢ and n with n # £ (mod p). Let 77 denote the number
of solutions x, y, v, w of the system (2.9) counted by I,;(X;&,n) in which

v1,...,vs together occupy at least r distinct residue classes modulo p**!, and
let T; denote the corresponding number of solutions in which vy, ..., v, together
occupy at most r — 1 distinct residue classes modulo p®*!'. Then

Lop(X5€,m) =T + T (4.1)

We first estimate 77. Recall the definitions (2.6), (2.7) and (2.8). Then by
orthogonality and Holder’s inequality, one finds that

1< (1) f IBuls OF e (e e 1) do
< (Kap(X36m) @) (Lp(X5€,m)) (4.2)

Next, we estimate T5. In view of the assumptions (1.6), one has s = rt > 2r >
2(r—1). Consequently, there is an integer ¢ = 1 (mod p) having the property
that at least three of the variables vy, ..., v, are congruent to ¢ modulo p*+'.
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Hence, again recalling the definitions (2.7) and (2.8), one finds by orthogonality
in combination with Holder’s inequality that

Tm(f,)) > P IR OPules ) Yul-ein)* da
1<¢<ph !
¢=n (mod p*)

€ M (Lp(X:6m) ' (L (X)) V. (4.3)

By substituting (4.2) and (4.3) into (4.1), and recalling (2.11) and (2.12),
we therefore conclude that

Lop(X) < (Kap(X)) D (1p(X))' 1
+ M (L (X)) 7 (I (X)),
whence
Lp(X) < Kop(X) + MBI, 400 (X).
This completes the proof of the lemma. 0
Repeated application of Lemma 4.1, together with a trivial bound for the

mean value K, ,4p(X) when H is large enough, yields a relation suitable for
iterating the efficient congruencing process.

Lemma 4.2. Let a and b be integers with 1 < a < b, and put H = 15(b — a).
Suppose that b+ H < (20)~1. Then there exists an integer h with 0 < h < H
having the property that

Lap(X) < (M")* PP Ky pin(X) + (MH) /1 (X/MP)* (X /M2,

Proof. By repeated application of Lemma 4.1, we derive the upper bound

H-1
Lop(X) < Y (M"Y PR 0(X) + (M) (X). (4.4)
h=0

On considering the underlying Diophantine systems, it follows from Corollary
2.2 that

s (X:60) < P11a(06 € (i) do
< (JS+T(X/MG))T/(S+T)(JS+T(X/Mb+H))S/(S+T)-
Since MUHT = (X9)+H < X2 we deduce from (2.4) that

(MH)2S/3[a,b+H(X> < X5 ((X/Ma)r/(s+r)(X/MbJrH)s/(err)))‘ (MH)25/3
— XJ(X/Mb)Zs(X/Ma))\fQSMQ’

Q:/\<a— ar__ b )—I—2s(b—a)+Hs(g— A )

where

s+r_s+r 3 s+
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We recall from (2.1) that A > s+ r. Then the lower bound b > a leads to the
estimate

A

s+r
But H = 15(b — a), and so from (2.2) we discern that

Q< —Hs < —60"" — 1Hs.

Q< —s(b—a) +2s(b—a) — 3Hs < s(b—a) — 3 Hs.

We therefore arrive at the estimate
(MH)QS/SIa,b—i—H(X) < (MH)_8/4(X/Mb)2S(X/Ma))‘_2S,

and the conclusion of the lemma follows on substituting this bound into (4.4).
O

5. THE EFFICIENT CONGRUENCING STEP

We next seek to convert latent congruence information within the mean
value K, ;(X) into a form useful in subsequent iterations, this being achieved
by using the work of §3. We recall now the definitions of the coefficients p and
v from (3.4). The following generalises Lemmata 5.1, 5.2, 6.2 and 6.3 of [14].

Lemma 5.1. Suppose that a and b are integers with 0 < a < b < 07! and
b> (k—t—1)a. Then one has

Ka,b<X) &< MHbJrua(Mtbfa)r (Js+r(X/Mb)) 1-1/t (Ib,tb(X))l/t .
Proof. Suppose first that a > 1. Consider fixed integers £ and 7 with

1<E<p’, 1<n<p’ and 7 # ¢ (mod p).

The quantity K, ,(X; &, n) counts integral solutions of the system (2.10) subject
to the attendant conditions on x, y, v, w. As in the argument of the proof
of [12, Lemma 6.1], an application of the Binomial Theorem shows that these
solutions satisfy the system of congruences

s 7

D (wi—ny =) (g —n) (mod p) (1<j<k) (5.1)

i=1 =1

In the notation of §3, it follows that for some k-tuple of integers m, we have
[x (mod p*)] € By, ,(m; &, n) and [y (mod p*)] € B, ,(m; &, 7). Writing

Gop(a;&mpm) = Y [[Fw(cs6i),

0By, , (mit.n) i=1

we see from (2.10) and (5.1) that

pb pkb
Kop(Xi&m) = > o> j{\ﬁa,b(a;ém;m)zﬁb(a;77)2t|da-

m1:1 mkzl
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We now partition the vectors in each set Bg,b(m; &, n) into equivalence classes

modulo p as in Section 3. An application of Cauchy’s inequality leads via
Lemma 3.3 to the bound

S S et

Ccecl (mig,n) 0€C i=1

|®a,b(a; 57 Uk m)|2 =

<card(Cry(mi&yn) Y D [[Fw(eo

CGC;iZ(m§£777) 0eC i=1
, 2
S DR DY § RGN
cecyy (mig,n) | 0C =1
Hence
Kap(X5€,m) <<M“b+'/az Z JQ{ Zkab (c;n)[* dex.
fecC i=1

m Ceck (mit )

For each k-tuple m and equivalence class C', the integral above counts solu-
tions of (2.10) with the additional constraints that [x (mod p**)] € C and

[y (mod p**)] € C. In particular, x = y (mod p'®). Moreover, as the sets
" p(m; &, n) are disjoint for distinct vectors m (with 1 < my; < p/® for each j),
to each pair (x,y) there corresponds at most one pair (m,C'). Hence,

Ka,b<X; 57 77) < M,U«b+1/aH’

where H is the number of solutions of (2.10) with the additional hypothesis
that x =y (mod p®). It follows that

Kop(Xi&m) < M 37 (Hmb D) I8s(e )l dex.
1<¢<pt?
¢=¢ (mod p?)

An application of Holder’s inequality reveals that

Z ﬁ”tb(a}Ci)F = ( Z ‘ftb(a;g)|2>T

L<gspt =1 L<¢<pt®
¢=¢ (mod p) ¢=¢ (mod p?)
<@t D el QP
1<<<ptb
¢=¢ (mod p*)

and so it follows that

Koal(X:€m) < MU0 mae - fiu( O Su(os )| dav. (52
p
¢=¢ (mod p?)
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Next we apply Holder’s inequality to the integral on the right hand side of
(5.2) to obtain

]{th (a;n)*|dae < UM (I (X n, O,

where, on considering the underlying Diophantine system and using Lemma
2.1, one has

0 = Sule ) dec < f e ) dec < (601,

Notice that since n # ¢ (mod p) and { = £ (mod p*) with a > 1, one has
¢ #n (mod p). Then we have [, 4,(X;7,() < Iy4(X), and so when a > 1 the
conclusion of the lemma follows from (5.2).

When a = 0, we must modify the argument slightly. In this case, from (2.15)
and (2.16) we find that

Kop(X) = max ]{]S o;n)*Fo(a;n)*| da.

1<77<p

The desired conclusion then follows by pursuing the proof given above in the
case a > 1, noting that the definition of F(c;n) ensures that the variables
resulting from the congruencing argument will avoid the congruence class n
modulo p. This completes the proof of the lemma. O

By applying Lemmata 4.2 and 5.1 in tandem, we obtain a sequence of in-
equalities for the quantities K, 4(X). Recall the definition of A from (2.21).

Lemma 5.2. Suppose that a and b are integers with 0 < a < b < (32259)_1 and
b > ta. In addition, put H = 15(t — 1)b and g = b — ta. Then there exists an
integer h, with 0 < h < H, having the property that
1/t
[Kap(X)] < X (M7 M5 [y (X)] ) (/M)A
+ (MH)fr/ﬁ(X/Mb)A'
Proof. Recall the notational conventions (2.18) and (2.19). The hypotheses

b > ta and (1.6) imply that b > (k —t — 1)a. Then it follows from Lemma 5.1
in combination with (2.4) that

[ (O] < XM ([T (X)) (X /M), (5-3)
in which we have written
w=wub+va+r(tb—a)+ (2r —k)(a —0b) — 2s(t — 1)b/t.
On recalling that s = rt and noting the definition (1.7) of s, one finds that
w=rb—a)—(rt—3t+r—k)(t+r—k—1))b
+(r+it+r—k)(k+r—t—1)a,

whence

B _(t—i—?"—k)(?“—l)
w_<r —1

)(b—ta) <rg.
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The hypothesized upper bound on b implies that tb + H < 16th < (20)7 .
We may therefore apply Lemma 4.2 to show that for some integer h with
0 < h < H, one has

(2o (X)]] < (M) [ Ky g (XO]] + (M) =/4(X/ M)A
We therefore deduce from (5.3) that
[Kap(X)]) < X (/MM O Mot BEG gy (X))
+ XOMrITrHIA (X MOYA, (5.4)
But in view of the hypotheses (1.6), one has ¢t > 2 and hence
H =15(t — 1)b > 15b > 15g.
Then on recalling (2.2), we find that
X5(Mr)g—H/4 < Mée—l(MrH)1/15—1/4 < M—rH/G‘
The conclusion of the lemma therefore follows from (5.4). O]

The following crude upper bound for K,,(X) is a useful addition to our
arsenal when 0 is very large.

Lemma 5.3. Suppose that a and b are integers with 0 < a < b < (20)7'.
Then provided that A > 0, one has

[Kap(X)]] < XM,
Proof. On considering the underlying Diophantine equations, we deduce from
Corollary 2.2 that
Kupl(X) € (Juar (XM (e (X M),

so that (2.4), (2.17), (2.19) and (2.21) yield the relation
X0 (X /My ) (X/Mb)s/(s+r)>28+2r—m+A

(X /MP)2s( X/ Ma)2r—~
< XA (pgoeyrs/ (o)

[Kap(X)]] <

In view of (1.7), one has K < s+ r, and thus the proof of the lemma is
complete. H

6. THE PRE-CONGRUENCING STEP

In order to ensure that the variables in the auxiliary mean values that we
consider are appropriately configured, we must expend some additional effort
initiating the iteration in a pre-congruencing step. It is at this point that we fix
the prime p once and for all. Although we follow the argument of [14, Lemma
6.1] in broad strokes, we are able to obtain some simplification by weakening
our conclusions inconsequentially.

Lemma 6.1. There exists a prime number p with M < p < 2M, and an
integer h with h € {0,1,2,3}, for which one has

Js+’r‘ (X) < M25+28h/3K0’1+h (X)
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Proof. The mean value J,,,(X) counts the number of integral solutions of the
system

s+r

Ylal—y)=0 (1<j<h), (6.1)

i=1
with 1 < x,y < X. Let T7 denote the number of these solutions with either
two of x1,...,xs, equal or two of yi,...,ysi, equal, and let Ty denote the
corresponding number of solutions with x1,..., x4, distinct and vy, ..., ysir

distinct. Then we have J,,.(X) =11 + Ts.
Suppose first that 17 > T,. Then by considering the underlying Diophantine
systems, it follows from Hélder’s inequality that

Jor(X) <273 < (5”)]{ [fo(cx; 0)*727 72 (2x; 0) | dx

1-1/(s+r) 1/(2s+2r)
< (j{ |f0 |2s+2r da) <% |f0(2a, O)|2s+2r da)

_( 8+T(X))1 1/(28+2T) )

Consequently, one has J,.,(X) < 1, which contradicts the lower bound (2.3)
if X = X is large enough. We may therefore suppose that T} < 75, and hence
that Js—i—r(X) < 2T2

Given a solution x,y of (6.1) counted by T, let

Dxy)= [ (&i—=2)w -y
1<i<j<s+r
Also, let P denote a set of [(s + 7)?6~!] prime numbers in (M,2M]. That
such a set of primes exists for large enough X is a consequence of the Prime
Number Theorem. From the definition of T, we have D(x,y) # 0 and

|D<X, y)| < X(s+r)2 < Mcard(P)

We therefore find that for some p € P one must have p f D(x,y). Denote by
T»(p) the number of solutions of (6.1) counted by Js1,(X) in which xq, ..., zey,
are distinct modulo p and likewise ¥y, . . ., Y51, are distinct modulo p. Then we
have shown thus far that

Js+T(X) < 2,IYQ < 2ZT2<p>

peEP

whence for some prime number p € P, one has
Toir(X) < 2[(s +7)207 1 Ta(p). (6.2)

We next introduce some notation with which to consider more explicitly the
residue classes modulo p of a given solution x, y counted by T5(p). Let n and
¢ be s-tuples with 1 < n, ¢ < p satisfying the condltlon that for 1 < i < s, one
has z; = n; (mod p) and y; = ¢; (mod p). Recall the notation mtroduced prior
to the definition (2.13). Then since x1, ..., x4y, are distinct modulo p, it follows
that (xsi1,...,2Zs,) € Z(n), and likewise one finds that (ysi1,...,Ysir) €
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Z(¢). Then on considering the underlying Diophantine systems, we obtain the
relation

Lo < Y f (Hfl ) (0 ) ) Flem)§(—ex: ) da
1<n,¢<p =1
Write
}ﬁs a; 0)*f1 (o 9)*| da.

Then by applying Holder’s inequality, and again considering the underlying
Diophantine systems, we discern that

< ) H (3(m,m:)3(¢. )

1< C<p i=1
Z H (3 (m5,m:)3(Gs, Q))l/(%) ‘
1< ,¢<p i=1

Hence, on recalling the definition (2.14), we obtain the upper bound

L —
=p’ lrg%h(X n). (6.3)

The mean value I(X:n) counts the number of integral solutions of the

system (2.9) with
1<x,y,v,w < X, v=w=n (mod p°),
and with
[x (mod p)] € E(n) and [y (mod p)] € Z(n).

Let T3 denote the number of such solutions in which the s integers vy, ..., v,
together occupy at least r distinct residue classes modulo p°*!, and let T}
denote the corresponding number of solutions in which these integers together

lie in at most r—1 distinct residue classes modulo p¢™*. Then I.(X;n) = T5+Tx.
By an argument similar to that leading to (4.2), we obtain the bound

1y < ISl Sl n)ides ) (—ain)* da

1/(2t) 1-1/(2t)
(74 3 ) Fu(a Qt,da) (]4 1§ (e m) (e )| da)

< (f(c(X; 77)) Ve (JTC(X; n))l_l/(%) : (6.4)

Also, since s > 2r > 2(r — 1), the argument leading to (4.3) implies that

1<¢gpett

~ 1-3/(2s) ~ 3/(2s)
Iy<M (IC(XW)) ( max [c+1(X;§)) : (6.5)
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Then by combining (6.4) and (6.5) to bound I.(X;7), we infer that
L(X;n) < Ko(X;n) + M*/? max I.1(X;0). (6.6)

1<¢Lpet!

We now iterate (6.6) to bound I1(X;7), thereby deducing from (6.2), (6.3)
and the definition (2.16) that

Jsir(X) < Ta(p)
< max M>(M")*P Koy (X) + M*3/ max I5(X;¢).  (6.7)

0<h<3 1<C<p?

By considering the underlying Diophantine systems, we deduce from (2.13)
and (2.14) via Corollary 2.2 that

T(X;0) < 74 o(a; 0)2"fs(cr; ()| dex

< <J5+T<X>>"“S+"’ (o X/ M%) EF
Now (6.7) implies either that
Joir(X) < M*F2M3 K1 (X) (6.8)

for some index h € {0,1,2,3}, so that the conclusion of the lemma holds, or
else that

Torr(X) < MU (g (X)) (T (X MP))EH0),
In the latter case, since A > s + r, we obtain the upper bound
Torr(X) < MMGHIB T (X /MP) < MMUET/3(X /N5
< XM (s+1)/3
Invoking the definition (2.2) of §, we find that J,,(X) < X*~% contradicting
the lower bound (2.3) if X = X, is large enough. We are therefore forced to

accept the former upper bound (6.8), and hence the proof of the lemma is
complete. |

7. THE ITERATIVE PROCESS

By first applying Lemma 6.1, and following up with repeated application of
Lemma 5.2, we are able to bound Js.,.(X) in terms of quantities of the shape
K, 4(X), in which ¢ and d pass through an increasing sequence of integral val-
ues. In this section we explore this iterative process, and ultimately establish
Theorem 1.3.

Lemma 7.1. Suppose A > 0. Let a and b be integers with 0 < a < b <
(32t0)~! and b > ta, and put g = b — ta. Suppose that there are real numbers
WV, ¢ and vy, with

0<ec< (200719, v>—rb and ¢ >0

such that
XM < XOM[Kyp(X)])- (7.1)
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Then, for some integer h with 0 < h < 15(t — 1)b, one has
XA <« XM (Kb 141 (X)]],
where
W =tp+(E—-1b, ¢ =tlct+1), o =ty+3sh—sg.

Proof. From Lemma 5.2, there exists an integer h with 0 < h < 15(t — 1)b
with the property that

[Kap(X)] < XOM™ (M_4Sh/3[[Kb7tb+h(X)H) v

(X /MP)AA-1/)
(MR /6 PN,

Consequently, from the hypothesised bound (7.1) we infer that

XANAY o X (e41)8 g r=yrg (M748h/3[[Kb’tb+h(X)]])l/t(X/Mb)A(lil/t)
XN A
By hypothesis, we have X% < M2, whence XM —7=2rb L MV/2=rb L N—1/2
and thus
XAMNA@HA=1/0) o X (D8 pp=rtra=arh/3[[f, (X1

The conclusion of the lemma follows on raising left and right hand sides in the
last inequality to the power t. (]

Lemma 7.2. We have A < 0.

Proof. Assume that A > 0, for otherwise there is nothing to prove. We begin
by noting that as a consequence of Lemma 6.1, it follows from (2.17) and (2.19)
that there exists an integer h_; € {0,1,2,3} such that

[ s (X)) < (M) TP Ko pn, (X)].
We therefore deduce from (2.20) that
XA < X[ ein (X)) < XM "B Ko pn, (X)]- (7.2)

Next we define sequences (ay), (b,), (hn), (¢n), (7n), (¥n) for 0 < n < N in
such a way that
and
XAMAMm < XM Ky, 5, (X)) (7.4)
Given a fixed choice for the sequence (h,), these sequences are defined by
means of the relations
Gpi1 =0, and b, 1 =1tb, + hy,
¢n+1 =, + (t - 1)bn’
Cny1 = t(c, + 1),
Ynt+1 = Y0 + %Shn - S(bn - tan)‘
We put ag =0, bgp = 1+ h_1, g =0, cg =1 and v = %sh,l, so that (7.4)
holds with n = 0 as a consequence of our initial choice of h_; together with
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(7.2). We prove by induction that for each integer n with 0 < n < N, the
sequence (h,,)" __; may be chosen in such a way that

0<a, <b, <(32t0)7', ¥, >0, 4, >=—rb,, 0<ec,<(20)710, (7.9

and so that (7.3) and (7.4) both hold with n replaced by n + 1.

Suppose that 0 < n < N, and suppose also that (7.3) and (7.4) both hold
for the index n. We have already shown such to be the case when n = 0. We
observe first that the relation (7.5) plainly demonstrates that b, > a,, for all
n. Moreover, from (7.3) and (7.5), we see that b,1 < 16tb, for all n. By
induction, therefore, we deduce that b, < 4(16¢)" whence, by invoking (2.2)
we find that b, < (32t0)~! for 0 < n < N. It is also apparent from (7.6) and
(7.7) that ¢, and 1, are non-negative for all n. In addition, by iterating (7.7),

we have
tm—1

L =1+
c + <t—1

Thus, by reference to (2.2) we see that ¢, < (26)7'0 for 0 < n < N.
In order to bound 7,, we begin by noting from (7.5) that for m > 1,

) <3t (n=0). (7.10)

R = bpy1 — tby, and  a,, = by_1.
Then it follows from (7.8) that for m > 1 one has
Va1l — %Sbm_t'_l + sb,, =t (ym - %sbm + sbm_l) )
By iterating this identity, we deduce that for m > 1, one has
Y = gsbm — Sby_q +t™ ! (71 — %sbl + Sbo) )

On recalling that by =1+ h_1, 79 = %Sh_l and b; = tby + hg, we discern first
from (7.8) that

Y1 = 3st(by — 1) + 35(by — thy) — sby = 35(by — t) — sby,
and hence that
Vi = 35by — Sby_1 — 3st™  (m = 1). (7.11)
Finally, we find from (7.5) that b,, > tb,,_; > t™ for m > 1, and hence
Y = %s(bm —t"™) — Sby_1 = —Sby_1 = —Tby,.

Collecting together this conclusion with those of the previous paragraph, we
have shown that (7.9) holds for 0 < n < N.

At this point in the argument, we may suppose that both (7.4) and (7.9)
hold for the index n. An application of Lemma 7.1 therefore reveals that there
exists an integer h, satisfying the constraint implied by (7.3) with n replaced
by n+ 1, for which the upper bound (7.4) holds also with n replaced by n + 1.
This completes the inductive step, so that in particular the upper bound (7.4)
holds for 0 < n < N.

We now exploit the bound just established. Since we have by < 4(16t)" <
(20)71, it is a consequence of Lemma 5.3 that

[Kay o (X)]] < XA (V70N (7.12)



24 KEVIN FORD AND TREVOR D. WOOLEY

By combining (7.4) with (7.11) and (7.12), we obtain the bound
XAMAMN o xAH(en+1)d p by —bn—1)s—n

— XA (en+1)8 )y (ds/3)tN —(s/3)bn (7.13)

By applying (7.10) and (2.2), on the other hand, we have
xlents
We therefore deduce from (7.13) and the lower bound by > ¢V that
Apy < st — Sbys+1 < st + 1.
In addition, a further application of the lower bound b,, > t" reveals that
U1 =ty + (t — Dby > tiby, + (£ — 1),
whence ¢ > N(t — 1)t¥~1. Thus we deduce that

stV +1 3s

ST S o

N(t—1thN-t = N
Since N may be taken arbitrarily large in terms of s, we are forced to conclude
that A < 0, and this completes the proof of the lemma. O

The conclusion of Theorem 1.3 is an immediate consequence of Lemma 7.2.
For the latter shows that when s = rt, then for each € > 0 one has

Js+T(X) < X28+27‘—/€+€7
where £ is given by (1.7).

8. A MEAN VALUE ESTIMATE FOR WEYL SUMS

Our goal in this section is to establish a mean value estimate for one-
dimensional Weyl sums that, in a sense, forms a hybrid between the treat-
ments of [2] and [12, §10]. This estimate permits the output from the efficient
congruencing method to be more effectively transformed into a mean value
estimate for one-dimensional Weyl sums.

Consider natural numbers s and m with 1 < m < k. When ¢ € Nand b € Z,
we define the quantity I ,,(X;q,b) to be the number of integral solutions of
the system of equations

s

> ((qai +b)* = (qyi + b)*) =0,
=1 (8.1)

s

D@l —y)=0 (1<j<m-1),

i=1
with 0 < x,y < X/q. We begin by adapting the work of [12, §10] so as to
estimate [ ;_1(X;q,b) on average over ¢q. To assist with our discussion, we
now define 7(s, k) to be the least positive number n with the property that,
whenever X is sufficiently large in terms of s and k, one has

Jsk<X) <. XQs—%k(k+1)+n+e'
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Throughout this section and the following section, we adopt the convention
that whenever € appears in a statement, either implicitly or explicitly, we
assert that the statement holds for each € > 0. Note that the “value” of ¢ may
consequently change from statement to statement. It is convenient to write

flay X) = Z e(ar + ... 4 oga®).

I<e<X
We pause to recall a lemma on reciprocal sums.

Lemma 8.1. Suppose that 6 is a positive number, and that o and (5 are real
numbers. Let N and R be large real numbers, and write B = N0 + RI¥9,
Then

Z min{ N, ||za + B8] 7'} < B + (log B) Z min{ N R/u, ||[uc|~'}.

1<z<R 1<u<BN—9
Proof. This is [11, Lemma 3.4]. O
When Q C N, write

O:x(Q) = max I -1(X;q,0).

qeQ (b.a)=

Lemma 8.2. Let X denote a large positive number, and let Q) be a real number
with 1 < Q < X*=2/t=1) " Suppose that Q C (27%Q, Q] is a set of natural
numbers with card(Q) > Q(logQ)~* satisfying the condition that for each
q € Q, one has (q,k) = 1. Then for each natural number s, one has

0,4(Q) < (X/Q)* 2 W =k+2)%e (X /Q)ne=P =1 4 (X /Q)"+=D) .

Proof For the moment, consider fixed integers ¢ and b with (kb,q) = 1 and
27%Q < ¢ < Q. Define Tk(X h) = Tr(X;h;q,b) to be the number of integral
solutions of the Diophantine system

s )

> (g +0)* = (qus + b)*) =0,

i=1

>k ) = o (82)

D@l —y)=0 (1<j<k=-2),

=1 J

with 0 < x,¥ < X/q. Then on considering the corresponding system (8.1), we
see that

Lpa(Xiqb)= Y Ti(X:h). (8.3)

|h|<s(X/q)F—1

Next, by applying an integer shift z to the variables in the system (8.2), we
find that Y1 (X; k) counts the number of integral solutions of the Diophantine
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> ((alzi = 2) +0)* = (a(y: — 2) +0)") =0,

D (@wi—2y —(yi—2))=0 (1<j<k-2),

=1 J

with z < x,y < z+ X/q. By applying the Binomial Theorem, we find that
X,y satisfies this system of equations if and only if

s 3\

el —y)=0 (1<j<k-2),
=1

Y @t =y =n, > (8.4)

=1

¢ (2 —yf) = k(gz = b)h.
=1

Ve

Notice that, in view of the hypothesis (kb, q) = 1, the equation of degree k in
(8.4) ensures that g|h. We write g = h/q, so that the condition |h| < s(X/q)F!
in (8.3) implies that |g| < sq~1(X/q)*!

If we restrict the shifts z to lie in the interval 1 < z < X/q, then we see that
an upper bound for T;(X;h) is given by the number of integral solutions of
the system

s 3\

@l -y)=0 (1<j<k-2),

> (2 = yf) = k(gz - b)g,
=1

with 1 < x,y < 2X/q. On considering the underlying Diophantine system,
we therefore deduce from (8.3) that for each integer z with 1 < z < X/q, the
mean value I ;_1(X; ¢, b) is bounded above by

3 74 e 21X/ Q) Pe(—k(gz — blgay — qgan_) d.

lgl<sq=1(X/q)*—1

Write

Vs

Vap(25 g, ap—1) = min{qg " (X/q)* ", || k(g2 — b)au, + qoe—]| '}
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and
Uoplan, an1) = > then(2; ok, axa). (8.5)

1<2<X/q
Then we obtain the estimate

L (X50,0) < (X/9)™0 Y0 ¢ (0627 X/ Q)P gu (25 g, 1) dex

1<2<X/q

— (X/q)"! f s 2V X)Q) P T (an apr) dev. (86)

Our assumption that 1 < @ < X*~2/¢+=1 ensures that X/q < ¢~ (X /q)*!
Then by applying Lemma 8.1 with o = kqay,, we deduce from (8.5) that

Uy plan, ap1) < q (X /q) e
+X° > min{(qu) TN (X/9)", kquay| '}

1<u<2¢~H(X/q)k—1
Define

Oy, ap—1) = maX U, (o, ag—1). (8.7)

qeQ (b.a)=

Then we arrive at the upper bound
@(ak’ ak71> < kalJrE Z qfk
27kQ<q<Q

FXODT S min{ () (X/Q) hguesd

1<g<Q 1<ug2¢ (X /q)k

By making use of a familiar estimate for the divisor function, therefore, we
obtain the bound

Olag, 1) < (X/QF 4+ X Y min{(X/Q)* v [lvan| '}

1<v<k2k? (X/Q)k—1

Suppose that o € R, and that ¢ € Z and r € N satisfy (¢,r) = 1 and
|y, — ¢/r] < r~2. Then it follows from [6, Lemma 2.2] that

D(ay, 1) < (X/Q)" ((X/Q)~H + 771 +1(X/Q)7"). (8.8)

Applying a standard transference principle (compare Exercise 2 of [6, §2.8]),
it follows that

Do, 1) < (X/Q)F (X/Q) "+ 9pe(@) ™ + H,c(a)(X/Q)7F),  (8.9)

where $,..(a) = r + (X/Q)*|rax — ¢|.

We now compare the respective estimates (8.8) and (8.9) on the one hand,
and [12, estimates (10.6) and (10.7)] on the other. In this way, one finds that
the argument of the proof of [12, Lemma 10.1] leading to the estimate (10.10)
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of that paper may be adapted without serious modification to deliver from
(8.6) and (8.7) the bound

0.4(Q) < (X/Q)! 74 (e 2P X Q)P0 (o ) do

< (X/Q)k_2+6JS,k(2k+1X/Q> + (X/Q)s_ljs,k—1(2k+1X/Q)
< (X/Q)zs—%k(k+1)+a ((X/Q)k:—Q-H](s,k) + (X/Q)k—l—i—n(s,k—l)) '

The conclusion of the lemma now follows. O

In the next phase of our work in this section, we make use of the iterative
process from [2], and this entails the introduction of certain sets of prime
numbers. Let X be a large real number and for » > 1 denote by Y, the set of
primes in the interval (s X /(1) 25 X1/r+1)]  We adopt the convention in
what follows that the empty product is 1.

Lemma 8.3. Suppose that k>3, 1<m<k—1,s>mand qg=p1-- Pm_1,
where each p; € Y;. Let P,, be any set of 2sk* primes in the set Y,,. Also,
suppose that b is an integer with 0 < b < q satisfying (b,q) = 1. Then
Lo n(X5q,0) < max p* >3m0 ) max [0 (X pg, b + ag),
PEPm a€B(p)

where B(p) = B(p;q,b) denotes the set of integers a with 0 < a < p and
(b+aq,pq) = 1.

Proof. This is essentially the special case of [2, Lemma 4.1] in which f(z) = z*.

The statement of [2, Lemma 4.1] has the stronger hypotheses that each p; be
one of the smallest 2sk* primes in Y;, and that P,, be the set of 2sk* smallest
primes in Y,,. The argument of the proof, however, shows that the conclusion
holds whenever p; € Y; for 1 <i<m —1 and P,, CY,,. O

Lemma 8.4. When 1 <m <k —1, ¢ < (28)"X™ ™D and (b, q) = 1, one

has
k-2

Lin(X:q.0) < (T] a7 (X/0)) L (X3 ,1).

j=m

Proof. The argument of the proof of [2, Lemma 4.2] shows that for 1 < m <
k — 2, one has

Lim(X;54,0) < (14 s¢7 ' (X/q)™) Lsms1 (X5 q,b).

The desired conclusion therefore follows by induction on m. 0

We are now equipped to state and prove the main result of this section.
Define the exponential sum g(a) = gr(a; X) by

gr(a; X) = Z e(az™),

I1<e<X
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and when s € N, define

LX) = [ ot do.

Theorem 8.5. Let s be a natural number. Then whenever r is a natural
number with 1 <r < k — 1, one has

[S(X) < X2s—k+£ (Xn:(s,k)—l/r _{_Xn,’f(s,k—l))’
where

ni(s,w) =rn(s — %T(T —1),w).

Proof. By the Prime Number Theorem, for 1 < ¢ < r — 1 there is a collection
C; of [X Y+ (25k*10g X)~1] disjoint sets of 2sk* primes in the set V;. Fix
some choice of sets P; € Cy, ..., P._1 € C,_1. By applying Lemma 8.3, one
finds that whenever b and ¢ satisfy the hypotheses of that lemma, then

2s 1

X;q,b) < X+ "2 max max I, X;pq, b+ aq).
0 PEPm acB(p) ° %m(erl),mH( pq q)

1

sf%m(mfl),m(

By iterating this relation, starting with m = 1 and terminating with Lemma
8.4 at m = r, we obtain

L(X) < XMy m1 (X5 0, 0), (8.10)

in which

r—1 k=2 .
1 r—1 j+1
Q=2 -1
° m(m+1)+ 2 +Z( r )’

and ¢ = p; -+ - p,_; for some prime numbers p; € P; (1 < i <r—1). A modest
computation confirms that

Q=2s(1-1/r)+(r—1)/2+ sk(k—=1)/r = ir(r+1)/r—(k—1—71)
=2s(1—1/r)+ 1k(k—1)/r —k+r. (8.11)

On putting Q = (2s)" ' X'7/" we see that 277Q < ¢ < Q. Moreover,
distinct choices for the (r — 1)-tuple Py, ..., P,_; produce distinct numbers
q. Therefore, there is a set Q of integers in the interval (277Q), Q) such that
(8.10) holds for each ¢ € Q. We observe that (¢, k) = 1 for every ¢ € Q, and
moreover that

r—1 r—1
card(Q) = H card(C,,) > H (X mm ) (1og X))
m=1 m=1

= X" (log X)) > Q(log Q).
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Since X is large, it follows that we may apply Lemma 8.2 to infer that
s—r(r—1)—2 (k2—
Oy 1,1 (Q) K X°(X/Q)> (D72 (k)
x ((x/QyrmdrbRmt g (xjQyile-drtrna-n)
< XE (X)) = (P —h+2) (XPERUr 4 (kD)

(8.12)
Next, on substituting (8.11) and (8.12) into (8.10), we deduce that
ZIS(X) « X2hHL=1/rte (ni(ak)=1/r y xni(ak=1))
q€Q
But card(Q) > X'7/7=¢  and so the conclusion of the theorem follows by
dividing left and right hand side of the last relation by card(Q). O

9. APPLICATION TO WARING’S PROBLEM

The mean value estimate supplied by our new bounds for J, ;(X) via The-
orem 8.5 may be utilised to derive improvements in our understanding of the
asymptotic formula in Waring’s problem. Before describing our conclusions,
we introduce some notation. We define the set of minor arcs m = m; to be
the set of real numbers « € [0, 1) satisfying the property that, whenever a € Z
and ¢ € N satisfy (a,q) = 1 and |ga — a| < (2k)7' X% then ¢ > (2k)7'X.
We recall a mean value estimate restricted to minor arcs.

Theorem 9.1. Suppose that s > k?> — 1. Then for each € > 0, one has
/ |gk(oz;X)]2s dov < X2s—k—1+s‘
m

Proof. This is [14, Theorem 10.1]. O

For each natural number v, we define
A} = max{n(v, k) = 1,n(v,k — 1)},
where 7 is defined as in the preamble to Lemma 8.1. Then, for natural numbers
v and w we put
2k% — 2 — (2 + w? — w)
1+ Ax/w ’

so(k,v,w) = 2k* — 2 —

and then define
si(k) = | min min so(k, v, w).
2u4w2 —w<2k2—2
Theorem 9.2. Suppose that s and k are natural numbers with k > 3 and
s > s1(k). Then there ezists a positive number § = §(k,s) with the property
that

/ lgi(a; X)|* da < X57F0,
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Proof. The desired conclusion is immediate from Theorem 9.1 in circumstances
where s > 2k* — 2, on making use of the trivial estimate |gy(c; X)| < X. We
suppose therefore that s;(k) < s < 2k* — 2. Let v and w be integers with
I<w<k—1,v>1and 2v+w?—w < 2k? — 2, for which s, (k) = so(k,v,w).
Then by Holder’s inequality, one has

[ st da < ([ lat)p-2aa)"( | Jg@Prrraa)

where
B — (2v 4+ w? —w)
2k -2 — (vt w?—w)’
By applying Theorem 9.1 and Theorem 8.5 in sequence, one finds that

a . ima
/ |9()[* da < X* <X2k2_k_3> <X2U+w2—w_k+Av/w>

— xs—k—at(-a)Aj/wte (9.1)

a

Since we may suppose that
(2k* — 2)A¥ + w(2v + w? — w)
w4+ A

we see that a > (1 — a)AZ/w, and the conclusion of the theorem follows at
once from (9.1). O

)

s > so(k,v,w) =

We now recall some notation associated with the asymptotic formula in
Waring’s problem. When s and k are natural numbers, let R, x(n) denote the
number of representations of the natural number n as the sum of s kth powers
of positive integers. A formal application of the circle method suggests that
for k > 3 and s > k + 1, one should have

I(141/k)

R, i(n) = T(s/k) G, (n)nF=1 4 o(n/k1), (9.2)
where .
Ssr(n :Z Z ( Z ark/q> e(—na/q).
= (@ =

Subject to suitable congruence conditions, one has 1 < &, x(n) < nf, so that
the conjectured relation (9.2) represents an honest asymptotic formula. Let

é(k’) denote the least integer ¢ with the property that, for all s > ¢, and all
sufficiently large natural numbers n, one has the asymptotic formula (9.2).

The argument following the proof of [13, Lemma 3.1] may be adapted in
the present circumstances to show that G(k) < [si(k)] + 1 for £ > 3. For
each natural number m < %k, we find from Theorem 1.2 that when v =
(k —m)% + (k — m), one has

nw,k)—1<m* =1 and nv,k—1) < (m—1)3
so that
Ar<m?—1 for v=(k—m)*+ (k—m). (9.3)
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Similarly, again from Theorem 1.2, for each natural number m < %(k — 1), we
find that when v = (k —m)? — 1, one has
m
k) —1<m? -1+ —
n(v, k) m”+m +k—m—1
and
m—1
E—1)< (m—1)? 1) 4+ —
a0 k= 1) < (m— 1)+ (m— 1)+
so that
A;<m2+m—1+$ for v=(k—m)*—1. (9.4)

Employing these exponents (9.3) and (9.4) in order to obtain upper bounds for
s1(k), we obtain the upper bounds for G (k) recorded in the following corollary.

Corollary 9.3. One has

G(12) <253, G(13) <299, G(14) <349, G(15) <403, G(16) < 460,

G(17) < 521, G(18) <587, G(19) <656, G(20) < 729.

We note that in each of these bounds, it is (9.4) which is utilised within the
formula for s1(k). One takes m = 2 for k = 12, and m = 3 for 13 < k < 20.
Meanwhile, one takes w = 5 for k = 12, w = 6 for k = 13,14, and w = 7 for
15 < k < 20.

For comparison, the bounds for G(k) made available in [14, Corollary 1.7]
show that

G(12) <255, G(13) <303, G(14) <354, G(15) <410, G(16) < 470,

G(17) <534, G(18) <602, G(19) <674, G(20) < 748.

For k < 11, the bounds for é(l{) in [14, Corollary 1.7] prove superior to those
that follow from the work of this paper. For large values of k, meanwhile, the
conclusion of [14, Corollary 1.6] shows that

G(k) < 2k> — K + O(k).

We are able to provide a modest improvement in this bound as a consequence
of Theorem 9.2.

Corollary 9.4. When k is a large natural number, one has

G(k) < 2k* — 223K* + O (k).

Proof. As we have already noted, one has G(k) < [s1(k)] + 1, and so it suffices
to bound s;(k) for large values of k. We take

m=[222kY3 v=(k—m)®*+ (k—m) and w = [2'3k*3],
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so that from (9.3) one obtains

2k? — 2 — 2(k? — 2mk) — w? 4+ O(k)
1+ m2/w + O(k=2/3)
4(22/3]{31/3)1{3 _ 22/3]<:4/3 + O(k‘)
B 3+ O(k=1/3)
= 2k* = 22K 1 O(k).

so(k,v,w) < 2k* — 2 —

=2k*> -2

This confirms the conclusion of the corollary. 0
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