SUBCONVEXITY FOR ADDITIVE EQUATIONS:
PAIRS OF UNDENARY CUBIC FORMS

JORG BRUDERN AND TREVOR D. WOOLEY*

ABSTRACT. We investigate pairs of diagonal cubic equations with integral
coefficients. For a class of such Diophantine systems with 11 or more vari-
ables, we are able to establish that the number of integral solutions in a
large box is at least as large as the expected order of magnitude.

1. INTRODUCTION

The convexity barrier in the Hardy-Littlewood method presents an appar-
ently insurmountable obstacle to the analysis of Diophantine systems in which
the underlying number of variables is smaller than twice the total degree of
the system. As is well-known, this obstruction arises from the relative sizes of
the product of local densities associated with the system, and the square-root
of the available reservoir of variables that is a limiting feature of associated
exponential sum estimates. In this paper, we establish a lower bound of the
anticipated magnitude for the number of integral zeros of certain pairs of di-
agonal cubic forms in 11 variables, thereby breaking this convexity barrier.

In order to introduce the Diophantine systems central to our discussion, take
[, m, n to be non-negative integers with m > n, and fix non-zero integers a;,
b, ¢;, dg, where 1 <7< 1,1 <j<mand1<k<n. Wethen define N(B)
to be the number of integral solutions to the system

amrs + . axy ey o eyl =0, (L.1)
b+ 4 b} +di 24 d2 =0, '

with z;,y;, zx € [—B, B]. Associated to the system (1.1) are the total number
of variables s = [ +m + n, and a measure of the minimal number of variables
across equations ¢5 = min{s—1[, s—m, s —n}. Before announcing the principal
conclusion of this paper, we direct the reader to §6 for a description of Hooley’s
Riemann Hypothesis (which we call HRH).

Theorem 1.1. Let s > 11 and ¢f > 7, and suppose that the system (1.1)
admits non-singular p-adic solutions for each prime p. Then, with the possible
exception of the case (I,m,n) = (5,5,2), one has N(B) > B*5. In the latter
exceptional case one recovers the same conclusion by appealing to HRH.
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Examples allied to the system

49(x7 + 223 + 3a3) 4y + 2y + Tys + 143 =0,
49(x3 + 43 + 4a3) +23 4+ 225 + 728 + 1423 = 0,

demonstrate that the p-adic solubility hypothesis in the theorem is required,
as the reader may easily verify.

The conclusion of Theorem 1.1 establishes the Hasse Principle for those
systems (1.1) with s > 11 and ¢f > 7, and indeed an appropriate modification
of our methods would confirm the weak approximation property for the same
systems. In view of the convexity barrier, the cases in which s = 11 are of
particular interest. We note that when s > 13, the conclusion of Theorem
1.1 follows from our previous work [7, 8] concerning pairs of diagonal cubic
forms (in particular, see [8, Theorem 2]). When s > 11, moreover, the special
case in which a and b are in rational ratio is covered by [8, Theorem 10].
Previous results on pairs of diagonal cubic equations, meanwhile, apply only to
systems having 14 or more variables (see, in chronological order, the references
(14, 13, 26, 1, 4]).

When s > 12, which is the threshold of the convexity barrier, we are able to
refine the asymptotic lower bound of Theorem 1.1. In this context, it is useful
to introduce the product of local densities associated with the system (1.1).
The latter we define by € = v, Hp vp, in which v is the area of the manifold
defined by (1.1) in the box [—1,1]*, and for each prime number p one takes

— 1 h(2—s) h
vp = lim p"T M (p),
where M (q) denotes the number of solutions of (1.1) with x € (Z/qZ)°.
Theorem 1.2. When s > 12 and ¢ > 8, one has N(B) > (¢ + o(1))B*S.

For comparison, our earlier work [11] establishes a conclusion which implies
Theorem 1.2 when s > 14 (see [11, Theorem 1.1]).

Thus far we have discussed only problems involving simultaneous cubic equa-
tions, but for problems of very low degree alternative approaches may be appli-
cable. Thus, for systems of linear equations, one has recent work of Green and
Tao [16] for prime numbers, and work of the first author [5] for limit periodic
sequences. It is worth remarking also that the Kloosterman method provides
conclusions on the edge of subconvexity for problems of quadratic type (for
some of the relevant literature, see [15, 18, 24]). Problems within the orbit of
our methods are not limited to diagonal cubic examples alone, and in §11 we
outline some of what may be said concerning problems of higher degree.

In this paper we employ the well-known symbols of Landau and Vinogradov.
The constants implicit in the use of these symbols depend at most on s, a, b,
¢, d and ¢, unless otherwise indicated. In an effort to simplify our analysis, we
adopt the following convention concerning the number €. 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
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from statement to statement. Throughout, we take B to be a positive real
number with B > 1, in the sense indicated.

2. PRELIMINARY CONSIDERATIONS

We initiate our discussion by introducing the notation and technical infras-
tructure necessary for our application of the circle method. Consider a system
of the shape (1.1) subject to the hypotheses of the statement of Theorem 1.1.
Since the conclusion of this theorem is already supplied by [8, Theorem 2]'
when s > 13, there is no loss of generality in restricting to the situations
wherein s = 11 or s = 12. A modicum of computation reveals that the triple
(I,m,n) associated with the system (1.1) must take one of four shapes, namely:

(A) (3,4,4) or (3,5,4),
(B) (4,4,3), (4,4,4), (4,5,3) or (5,4,3),
(C) (2,5,5),
(D) (5,5.2).

Systems of type A and B we analyse by very similar methods in §§3 and 4,
respectively. The reader will find that the ideas developed in these sections
serve as a model for the treatment of the remaining cases relevant to the proof
of Theorem 1.1, as well as the cases required to establish Theorem 1.2. In
order to handle systems of type C, we ‘borrow’ a variable from each of the
long blocks of 5, adding them to the short block of 2. In this way we obtain a
system superficially resembling those of type B, though sharing characteristics
with those of type A. In this way, we are able in §5 to offer an economical
treatment of systems of type C that rests heavily on the work of §§3 and
4. Readers may care to challenge themselves with the task of developing an
alternative treatment based on our work [6] joint with Kawada, in which the
system (1.1) is understood in terms of an exceptional set problem involving
the representation of values of a binary diagonal form by a diagonal form in
five variables. Finally, in order to accommodate systems of type D, we first
develop mean value estimates for exponential sums conditional on HRH, and
then adapt the methods used for our analysis of systems of type A and B. We
offer an abbreviated account of this work in §6.

IWe correct an oversight here in the statement of [8, Theorem 9], an ingredient in the
proof of [8, Theorem 2] relevant to our discussion when the system (1.1) has the shape
(1,m,n) with m > n > 6. The statement of the former theorem should read as follows.

Theorem. Suppose that t is a natural number with t > 6, and let cq,...,c; be natural
numbers satisfying (c1,...,¢) = 1. Then for each natural number d there is a positive
number A, depending at most on ¢ and d, with the property that the set £,(P), defined by

E(P)={neN:vPd 3 <n< Pd'3, (n,e1...¢;) =1 and Ry(dn®;c) < AP*3},
has at most P'~7 elements.

The inserted condition (n,c; ...c¢;) = 1 should also be imposed in the subsequent application
of this theorem in [8, §6]. Our forthcoming work [12] discusses the case (I, m,n) = (1,6,6)
as a particular instance of more general investigations of diagonal senary cubic forms.
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It is apparent that the system (1.1) possesses a real solution (x,y,z) =
(&,1m,¢) € (—1,1)* in which &;, n; and (; are each positive for 7 # 1,2. We put

— Lmi s G
V= 2 gﬁg{g’u Nis C’L}
Let 1 be a small positive number to be fixed in due course, and write
o, (B) ={n € ZN|l,B]:p prime and p|n = p < B"}.
We then put
A (B) ={n € [~B,B] : |n| € #,(B) or n = 0}.

Define the exponential sums

J@) =) e0a®), g0)= ) e(a®), )= ) e(ba?),

|z|<B vB<x<B € (B)

where, as usual, we write e(z) for e™*. Let 7 be the positive number defined
via the relation 7, ' = 852 + 161/2833 = 1703.6.... Then, when a and b are
fixed non-zero integers and 7 is any real number with 73 < 75, the methods of
[32] may be applied to confirm that whenever 7 is a sufficiently small positive
number, one has

1
/ 19(ab)?h(b0)*| dO <« B34 (2.1)
0

We direct the reader to [31, §5] and [32, §2] for the necessary ideas, the presence
of the coefficients a and b leading to superficial complications only. We put
T = %Tg, and for the remainder of this paper we fix our choice of 7 > 0 to be
sufficiently small in the context of the upper bound (2.1) with 7, = 97.

Having introduced the cast of exponential sums to appear in our application
of the circle method, we next introduce the generating functions

F(a, ) = hara + bif)h(asa +by8) [ [ g(aia + b:B), (2.2)

=3

G(a) = h(cra)h(cza) [ g(cja),  H(B) = h(diB)h(daB) [ [ 9(diB).  (2.3)
J=3 k=3

Here we adopt the convention that an empty product is equal to unity. When

B C [0,1)% is measurable, we define

N(B:%B) = / /% Fla, B)G(a) H(8) da dB. (2.4)
Then, by orthogonality, one finds that
N(B) > N(B; [0,1)%). (2.5)

At this stage we introduce the primary Hardy-Littlewood dissection. We
take the major arcs 9t to be the union of the intervals

M(q,a) = {a €[0,1) : [ga — a| < B~Y*},
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with 0 < a < ¢ < B34 and (a,q) = 1. The corresponding set of minor arcs m
is defined by putting m = [0,1) \ 9. In addition, we define a two-dimensional
Hardy-Littlewood dissection as follows. With an eye towards concision in
future sections, we put

L=1logB, Z=logL and Q= LY
We then define the narrow major arcs 91 to be the union of the boxes

N(g,0,8) = {(, 8) € [0, 1) | — a/g| < QB> and |6 — b/g] < @B},
with 0 < a,b < ¢ < @ and (a,b,q) = 1. The complementary set of minor arcs
isn= [0 1)%\ ‘Tt Fmally, we write

R = (9 x M)\ N. (2.6)

We regard sets of major and minor arcs throughout as subsets of R/Z, or
the appropriate higher dimensional analogue of the latter. Thus, for example,
when we write v € m, then we are implicitly asserting that v € m + Z.

Our strategy for obtaining a lower bound for N(B;[0,1)?) employs the
Hardy-Littlewood method, of course, though in a somewhat unconventional
manner. We begin by analysing the contribution of the narrow set of major
arcs .

Lemma 2.1. Suppose that the system (1.1) admits non-singular p-adic solu-
tions for each prime number p. Then for systems of type A, B, C and D, one
has N(B;M) > B,

Proof. We begin by defining the Gauss sum
q
S(g,a) = elar®/q),
r=1
and then introduce the expression
q

= ZZT(q,u,v), (2.7)

u=1 v=1
(u,0,9)=

Q

—_

where

l m n
T(q,u,v) = q* [ [ S(q, amu+ bw) [ S(a. cju) [ S(a. drv).
j=1 k=1

i=1
In addition, we write

v(6) = / e(6+%)dy and w(o) = / e(67°) d,

B B
and then put

V(&,¢) = Vi, OVa(&)Va(C),

where

l
Vi(€,Q) = w(aé + biQ)w(az€ + bs¢) [ [ v(aig + biC),
=3
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n

Va(€) = w(crt)w(eat) [T v(ei€). Vir(Q) = w(drQu(da¢) [ [ o(di0).

k=3
Finally, we define

//Q(X) (£,0)déd¢ and &(X)= > Alg),

1<g<X

in which we have written %(X) for the box [-XB™3, XB73)%2. Then by fol-
lowing the argument of [7, §7] leading to [7, equation (7.8)], one finds that
there exists a positive constant C' with the property that

N(B;M) — C6(Q)I(Q) < B L/, (2.8)

In order to estimate the truncated singular series &(Q), we begin by fol-
lowing the argument of the proof of the estimate [7, (7.14)] presented on page
890 of the latter paper. In the present context we find that there is an integer
t > 3, and a non-zero integer A depending on a, b, ¢, d, such that

—S q T Tt
Al < g Y (o .. of)' 2,

Vlyenry Ut U1 - Ut
v1...vt|Aq
in which ry, ..., r; are positive integers satisfying r1 +...+r; = s, and further

max; r; = 4 when s = 11, and max; r; < 5 when s = 12 . Consequently, one

has A(q) < ¢~*3. An inspection of the proof of [7, Lemma 12], noting [7,

equation (7.14)], reveals that & = )}im &(X) exists, that & — &(X) < X~ 1/4,
— 00

and thus &(Q) > 1. A pedestrian modification of the proof of [7, Lemma 13],
on the other hand, reveals that in the present context one has J(Q) > B*~6
In combination with the lower bound &(Q) > 1 just obtained, the conclusion
of the lemma is evident from the relation (2.8). O

A detailed account of the next step in our analysis, a comparison of N (B; 1)
with N (B; 9t x M), depends on the particular case at hand, and this we defer
to the following four sections. However, we take the opportunity now to record
several auxiliary estimates of significance in the discussion to come. We begin
by considering certain major arc integrals.

Lemma 2.2. Let a be a fixed non-zero integer, and let b be a non-zero rational
number. Then one has

sup / 19(aB)h(b6 + V)P db < B, (2.9)
AER Jon
and when 6 > 0,
sup / 19(a0)|FH [R(b0 + \)[2 6 < B, (2.10)
AER JMm

Proof. The upper bound (2.10) is immediate from [7, Lemma 9]. By taking
d = 0 in the argument of the proof of the latter, meanwhile, one obtains (2.9)
(see also [6, Lemma 3.4]). O
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As an immediate consequence of this lemma, we obtain major arc estimates

for G(a) and H ().
Lemma 2.3. For systems of type A and C, one has

/ G(a)|da < B™*  and / H(8)|dB < B3,
m m

The former estimate holds also for systems of type B and D.

Proof. For systems of type A, B, C and D, one has m > 4. Thus, by applying a
trivial estimate for g(#) in combmatlon Wlth Schwarz’s 1nequahty and Lemma
2.2, one obtains

| 16(@)da <g<o>m4f[( [ latersahicafda) < B

For systems of type A and C, meanwhile, one has n > 4. Hence, by following
a similar argument to that just described, with H (ﬁ) in place of G(«), the
second assertion of the lemma is confirmed in like manner. (]

We finish by recording two mean value estimates of some generality. In this
context, when r >t > 3 and Ay, ..., )\, are fixed non-zero integers, we write

t
Ey(0) = h(MB)h(A20) Hg()\ie)'
Lemma 2.4. One has
1
/ |Et(0)|2d0 <y BH/A9T B<t<r),
0

and

/ |E(0)>do <x B¥13/4787 (4 <t <),

Proof. An application of Schwarz’s inequality, combined with the trivial esti-
mate |g(\;0)| < B, reveals that

/]Et (0))?do < BQtGH/]g/\g /\9)|d9>

From here, the first estimate of the lemma follows from (2.1). In order to
confirm the second estimate, we begin by noting that a modified version of
Weyl’s inequality (see [27, Lemma 1]) supplies the bound

sup [g(\0)| < B34 (2.11)

fem
Thus, on utilising the mean value estimate just obtained, we deduce that

/|Et(9)|2d9< (sup|g Ab) / 1B, (6)]2 6

< (B3/4+8) BQ(t 1)—11/4-97

and the second estimate of the lemma follows. O
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3. SYSTEMS OF TYPE A

The strategy employed in our proof of Theorem 1.1 is somewhat circuitous,
and we illustrate ideas in this section by concentrating on systems of type
A. We may assume for the present, therefore, that [ = 3 and m > n >
4. Our strategy for obtaining a lower bound for the number of solutions of
the system (1.1) counted by N(B) involves constraining the first block of [
variables. Restricting in such a manner that the corresponding diagonal forms
a1zd + ...+ axz} and bia? + ... + b} behave essentially as expected so far
as multiplicity of representations is concerned, we obtain a modified counting
function Ny(B) whose behaviour is mollified by this arithmetic smoothing. In
Lemma 3.3 we show that the major arc contribution within Ny(B) is close to
the corresponding contribution within N(B). By means of a pruning operation
discussed in Lemma 3.1, this contribution is seen via Lemma 2.1 to have order
of growth B*7¢. Meanwhile, the minor arc contribution within Ny(B) exploits
the available smoothing by means of Bessel’s inequality, and is described in
mixed form in Lemma 3.4, and pure minor arc form in Lemma 3.5. In this
way, we aim to show that

N(B) = No(B) > N(B;MN) + o(B* %) > B*,

and thereby establish Theorem 1.1.

Our first step in the above plan is to prune from the set of arcs 9t x 91 to
the narrow major arcs 91. We apply Lemmata 2.2 and 2.3 in order to estimate
the contribution of the set of arcs K defined in (2.6), a set we divide into the
two subsets

Ro={(a,p) € R:aqa+ b5 € M}
and
R = {(Oé,ﬁ) eER:aqa+bpe m}
Lemma 3.1. For systems of type A, one has N(B; ) < B 6.1

Proof. We first consider the contribution of the set K;. Observe that as a
consequence of the modified version of Weyl’s inequality (2.11), one has

sup |F(o, f)l < B sup |g(aa+bif)| < BV
(@A)em ajatb feEm

Then we deduce from Lemma 2.3 that

N(B: ) < ( sup /|G |da/ \H(8)] dB
(04,3)6.@1
< Bl 1/4+5(Bm 3+e (Bn 3+a) < B 49/8 (31)

Turning our attention next to the contribution from the set Ky, we begin by
considering the functions

O (a) = |g(esa)g(caa) P |h(c1a)h(c2a)], (3.2)
Oy (8) = |g(dsB)g(da) A B)(da),
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and their mean values
IG = / CI)G(Oé) da and ]H = / (I)H(ﬁ> dﬁ
m m

With an application of Schwarz’s inequality mirroring that employed in the
proof of Lemma 2.3, followed by recourse to Lemma 2.2, one obtains

2 1/2
Ig < H(/ |g(02+ia)|5/2|h(cia)|2da) < B*?, (3.3)
i=1 /M

and a symmetric argument yields Iy < B%?. Writing

Jo = /m /m ()P (B) dadp, (3.4)

therefore, we deduce that Jy = Iy < B3.
Next, when i € {1,2}, k € {l — 1,1} and E is either G or H, define

JE = / [ lotao + )1 p(0) b + b5 dads. (35)

We note that at present we require these integrals only when k = [, though in
§4 we make use of them also when £k = [ —1. By means of a change of variable,
one discerns from (3.3) and Lemma 2.2 that

J5 <</ de(a Sup/ l9(7) P2 h(biby oy + N dy dav

AeR
< B*?I; < B, (3.6)

and in an analogous manner one obtains J; -H < B3. Finally, we put

H [h(csa) h(diB)h(aicr + b)Y

Then, as a consequence of the argument of the proof of [7, Lemma 10] (see in
particular the display preceding [7, equation (6.14)]), one has

sup U(a, ) < BPQ Y10, (3.7)
(a,8)€n

By applying Holder’s inequality in combination with the estimates assembled
above, and applying a trivial bound for g(#), we conclude that

1/5
N(B:fo) <0 ( sup (a,8)) T EIGILI OR
a,b)en

< Bsfll(Blonl/lo)1/5<312)1/10(BS)3/5 — B6Q1/%0,
On recalling (3.1), therefore, we obtain the upper bound
N(B; &) = N(B; f) + N(B; 8) < B* Q%0

and this completes the proof of the lemma. O
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Thus far our argument presents the appearance of a conventional applica-
tion of the Hardy-Littlewood method. It is at this point that unconventional
elements are introduced. When u,v € Z, denote by p(u,v) the number of
integral solutions of the system

amys+ ..+ ay) = u, (3.8)

by + .. byl =, (3.9)
with y1, 92 € & (B) and vB < y; < B (3 <i <). In addition, write p; (u) for
the number of integral solutions of (3.8), and ps(v) for the number of integral
solutions of (3.9), subject to the same conditions on y. Then if we put

l
Q= (Jail + [bi]) and X =[-QB* QB NZ,
i=1
one finds that
() =Y plu,v) and po(v) = 3 plu0). (3.10)
veX ueXx

The arithmetic smoothing to which we alluded in the introduction of this
section is achieved by dividing the set X? into three subsets, calibrated by a
truncation parameter 7. We define the sets X; = X;(T) for i = 0, 1, 2 by taking

Xo(T) = {(u,v) € X*: pr(u) < T and py(v) < T},
X1(T) = {(u,v) € X*: p1(u) > T and py(v) < T}, (3.11)
Xo(T) = {(u,v) € X*: po(v) > T},
so that
Xo(T) = X%\ (X,(T) U X5(T)). (3.12)
For systems of type A, we fix the truncation parameter to be T = B!=11/4,
At this point we pause to establish an auxiliary estimate for the quantity

(u,v)eX;

Lemma 3.2. For systems of type A, one has Z; < B'™7 (i = 1,2).
Proof. Observe first that in view of (3.10) we have

SIS Z ZP(%U) < B/t ZPl(U)Q-
X veEX

ue ueX
pl(u)>Bl711/4

On considering the underlying Diophantine equation and applying Lemma 2.4,
one sees that

1
S pa(u)? = / [F(a,0)[2 da < BA-11/4-97 (3.13)
ueX 0

We therefore conclude that when i = 1, one has Z; < B'~?7, and a symmetrical
variant of this argument delivers the same bound when i = 2. 0
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Next, when € and © are measurable subsets of [0, 1), we put

Rl(u;ﬁ):/GG( a)e(au)da and Ry(v;D) /H e(Bv)dp.

One then obtains

N(B;€xD)= > p(u,v)Ra(u; €)Ry(v;D). (3.14)
(u,v)€X?
Writing
No(B;€,D) = > p(u,v) Ry (u; €) Ry(v; D), (3.15)
(u,v)EX0

the starting point for our analysis is the lower bound
N(B) =z No(B;[0,1),[0,1)). (3.16)

Our Hardy-Littlewood dissection is now executed by disassembling the set
[0,1) x [0,1) into the four pieces

MMM, Mxm, mxM and mxm.
We examine each of these subsets in turn.

Lemma 3.3. For systems of type A, one has
No(B; M, M) — N(B; M x M) < B,

Proof. By applying the triangle inequality in combination with Lemma 2.3, we
find that

Ri(u; M) < B™ 3 and  Ry(v; M) <« B3P, (3.17)
Consequently, on recalling (3.12), (3.14) and (3.15), and then applying Lemma
3.2, we deduce that

N(B;M x M) = No(B; M, M) = > p(u, v) Ry (u; M) Ry(v; M)
(u,U)EX1Uf2
< Bs—l—6+6(51 +E2) < Bs—6—97—+€‘
This completes the proof of the lemma. O

Lemma 3.4. For systems of type A, one has
No(B;M,m) < B %7 and Ny(B;m, M) <« B0,

Proof. Applying the first upper bound of (3.17) in concert with (3.10), one
sees that

No(B; 90, m) < B3 plu,0)| Ra(ws )|

(u,v)EXo

< B™HEN " o (v) [ Ro(vim)). (3.18)

veX
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On the one hand, by applying Bessel’s inequality together with the first esti-
mate of Lemma 2.4, one has

ZPQ / |F |2 d@ < BQZ 11/4— 9T

veX

On the other hand, Bessel’s inequality in combination with the second estimate
of Lemma 2.4 yields the bound

Z|R2(U;m)|2 < / (H(B)|? A3 < B2n—13/4-87

veX

Consequently, by applying Cauchy’s inequality to (3.18), we obtain
1/2 1/2
No(B:t.m) < B™ (30 pa(v)?) (3 [Rawim)?) < B0
veX veEX

A symmetrical argument shows similarly that No(B;m,9) < B*75787 and
thus the proof of the lemma is complete. O

Lemma 3.5. For systems of type A, one has No(B;m,m) < B*7677,

Proof. Recall that for systems of type A, we take 7' = B~ 11/4 for the truncation
parameter. First applying Cauchy’s inequality, and then applying (3.10) and
(3.11), therefore, in our first step we deduce that

NoBimm) < (30 plu ) RaCurm)P) (S ) Rafes ml?)

(u,v)ExO (’U,,U)E%O

<( X a@im@mP) (X pe)lRmmP)

ueX veX
p1(u)<BI—11/4 p2(v)<BI—11/4

< B (Y ) (3 Rl mf?)

ueX veX

1/2

1/2

Next, applying Bessel’s inequality together with Lemma 2.4, we conclude that
No(Bim,m) < BV [ (6P aa) ([ 1) a5)
« BI1/A(p2m—13/4-87)1/2( pIn—13/4-87)1/2 o ps—6-87
This completes the proof of the lemma. 0

We now come to the crescendo of our argument for systems of type A.
Combining the upper bounds provided by Lemmata 3.3, 3.4 and 3.5, we deduce
from (3.16) that

N(B) = No(B; M, M) + No(B; M, m) + No(B;m, M) + No(B;m, m)
= N(B;9MM x M) + O(B> 7).
Hence, in view of (2.6), we conclude from Lemmata 2.1 and 3.1 that
N(B) = N(B;M) + O(B* 5271 > B*S.
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This completes the proof of Theorem 1.1 for systems of type A.

4. SYSTEMS OF TYPE B

The proof of Theorem 1.1 in situations wherein n = 3 is complicated by the
relative inferiority of the minor arc bounds available for H(f) in mean square.
Our argument for systems of type B, in which [ > 4, m > 4 and n > 3, though
modelled on that of the previous section, must therefore be modified in order
to exploit better the exceptional nature of elements in the sets X; and Xs.
Since Lemma 2.1 remains valid, and shows that N(B;9) > B*° our first
goal is to show that the conclusion of Lemma 3.1 remains valid in the present
circumstances.

Lemma 4.1. For systems of type B, one has N(B; R) < B¥ 6.2~

Proof. We begin by deriving an auxiliary mean value estimate. When j €
{l — 1,1}, define

Fj(a, B) = h(aia + b1 B)h(aza + by 3) H glaio + b;3).
3

i#]
Then as a consequence of Schwarz’s inequality, one has

[ e na@ias < ([ 1m@oras) ([ 1neras)”

By orthogonality, the first integral on the right hand side here is bounded
above by the number of solutions of a diophantine equation, and so by applying
Lemma 2.4 we obtain

1
/'Fg ’2dﬁ / |F |2d/6<<BQI 1)-11/4— 97
0

The second integral on the right hand side may also be estimated via Lemma
2.4, so that

1
/ |H(ﬁ)|2 dﬁ < BQn—11/4—97’.
0

We therefore deduce that

/ ’F )‘dﬁ < Bl+n 15/4— 97'

Our next step is to prune the set K, the better to exploit available major
arc estimates. Define

Ro={(a,p) € R:aqp1a+b_10 €M and qa + b5 € M},
t(a)={0€0,1):qa+ b em} (i=1-1,1).

Then from the modified version of Weyl’s inequality (2.11), when ¢ € {l — 1,1}
one sees that

sup |g(a;o + b;8)| < sup|g(0)| < BY*Fe.
Bet; (o) fem
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Uniformly in «, therefore, one has the estimate

| 1@ @15 < (s lataa+ni) [ 1EsHE S
£ (o)

peti(a)
< BS/4+€(BZ+7L—15/4—97') < Bs—m—3—8’r‘

Consequently, on recalling Lemma 2.3, one discerns the upper bound

N(B; &\ R) < /rG |/ (8)| 4B da

< BETmTATET / |G(a)|da < B¥ 57T,
m

In this way, we deliver the interim conclusion
N(B; ) = N(B; f) + O(B*~%). (4.1)

We now imitate the argument of the proof of Lemma 3.1, employing notation
from the latter proof with some minor modifications. We define ®¢(«) as in
(3.2), and modify the definition of (/) by putting

O (8) = |g(dnB) [P/ h(d1B)h(d2)].

One finds with little effort that the estimates I < B%? and Iy < B*? remain
valid in present circumstances. Defining JS, and J/; J as in (3.5), though noting
our revised definition of the set K, one finds just as in the argument leading to
(3.6) that when i € {1,2} and k € {I—1,1}, one has J§ < B* and J/}, < B®.
In the current situation, we modify the definition of ¥(a, 3) by putting

U(a, B) = H \h(c;)h(diB3)>h(aza + b; )]

The reader will have no difficulty in confirming that the upper bound (3.7)
remains valid. Consequently, an application of Holder’s inequality reveals that

1/5
N(B; £o) <9(0)3711< sup q’(%ﬂ)) (J Jzz 1)3/10(J11J21 1)1/10J3/5:
(a,B)EN
in which Jy is defined by (3.4). The upper bound Jy < B3, combined with
our earlier estimates, therefore leads to the asymptotic relation

N(B, -ﬁD) < Bs—ll(BIOQ—1/10)1/5<B6)3/10(Bﬁ)1/10(B3)1/5 — BS_GQ_1/5O.
The conclusion of the lemma is now confirmed by recalling (4.1). O

At this stage of our discussion we introduce unconventional elements paral-
leling those introduced in the preambles to Lemmata 3.2 and 3.3, employing
the same notation throughout. We have only to record that for systems of
type B, the truncation parameter is fixed to be T' = B!~3*7. Before launch-
ing the Hardy-Littlewood dissection proper, we pause to establish an auxiliary



SUBCONVEXITY FOR ADDITIVE EQUATIONS 15
estimate for the quantity

zi:2< > p(u,v)) (i=1,2).

veEX ueX
(u,w)EX;

Lemma 4.2. For systems of type B, one has Z; < B*~13/4=87 (; = 1,2).

Proof. We first seek to establish the lemma in the case ¢ = 1. Suppose that
u € X is an integer for which p;(u) > B!=3*7. Then one has

/0 F(a,0)e(—ua)da = py(u) > B3,

For systems of type B one has [ > 4. As in the argument of the proof of
Lemma 2.3, one therefore finds from Lemma 2.2 that

‘/ F(a,0)e(—ua) doz‘ g/ |F (o, 0)] da < B3+,
n m
whence
‘/ F(a, 0)e(~ua) da| > 1p:(u)
m

In this way, one obtains the upper bound

Y oswn < Y Yooy <BTT S g

(u,v)E€X ueX veEX u€eX
p1(u)>BI=3+7 p1(u)>BlI=3+T
2
< BS—Z—TZ‘/ F(a,0)e(—ua) da
uex V™

From here, an application of Bessel’s inequality in combination with the second
bound of Lemma 2.4 yields

Z p(u’ ’U) < B3l7’/ ‘F(O{, O)’Q da < 337177(32#13/4787-).
(u,w)EX1 m
However, when (u,v) € X; one has
S p(,v) < palv) < B
ueX
(u,w)EX
and so one arrives at the upper bound
2
Z( Z p(u7 U)) < B3+ Z p(u7 U) < BlfS+‘r(Blfl/479~r).
veX ueX (u,0)€X
(u,w)eX

The conclusion of the lemma has therefore been established when 7 = 1.
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When i = 2, we follow a similar though simpler path. Thus, one obtains

S(Y o)< X <<Z‘/ (—Bv) ds|

veX ueX veX
(u,v)EX2 p2(v)>Bl=3+7
/lF |2d5<<B2l 13/4— 8‘r
This completes the proof of the lemma in the case i = 2. O

In the present circumstances, our Hardy-Littlewood dissection proceeds by
disassembling the set [0,1) x [0,1) into the three pieces

Mx M, mx[0,1) and M x m.

We analyse these subsets in turn by means of three lemmata.

Lemma 4.3. For systems of type B, one has
No(B; M, M) — N(B; M x M) < B 677,
Proof. We begin by deriving an auxiliary estimate for the quantity
Ti= Y plu,v)|[Re(v; M) (i =1,2).
(u,v)EX;

Observe that by applying Bessel’s inequality in combination with the first
estimate of Lemma 2.4, one discerns that

Z|R2U9ﬁ / |H |2d6<<B2n 11/4— 97’

veX

When i € {1, 2}, therefore, we deduce from Cauchy’s inequality together with
Lemma 4.2 that

Ti < Z1/2 (Z |R2(?} m” )1 < Bl+n—3—87'.
veX

For systems of type B one has m > 4, and so it follows from Lemma 2.3 that
Ry(u; M) < B™3. Hence, we obtam

N(B; 0t x M) — No(B; M, M) = Z p(u, v) Ry (u; M) Ra(v; M)
(u,w)EX1UX2
< Bm73+€<fr1 —|—T2) < 3376777.
This completes the proof of the lemma. O
Lemma 4.4. For systems of type B, one has No(B;m,[0,1)) < B*67.

Proof. An application of Cauchy’s inequality reveals that
No(B;m, [0, 1)) < V*1,7%,

where

Vi= 3 plu,o)|Ra(usm)f?

(u,v)EXo



SUBCONVEXITY FOR ADDITIVE EQUATIONS 17

and

Vo= 37 plu.v)|Refv:[0.1)

(u,v)EXo

On recalling the definitions of the sets X; from (3.11), noting that at present
T = B'=3*7 it follows from Bessel’s inequality and Lemma 2.4 that

Vi< Y p)Ri(wm)]> < BTN Ry (uym)?

ueX ueX
1 (u)gBl_3+T

< Bl—3+7’/ |G(O[)|2 dov < Bl—3+T(B2m—13/4—87'>‘

m

Similarly, one finds that
< Y pe(0)[Rav; [0,1)F < BT [ Ro(v;[0, 1))

veX veX
P2 (v)<B173+T

1
< Bl3+7/ ’H(ﬁ)|2 dﬁ < Bl73+T(BZn711/4797)'
0
Thus we deduce that
N()(B, m, [07 1)) < Bl—3+T(Bn+m—3—87') < BS—6—7T’
and the proof of the lemma is complete. O
Lemma 4.5. For systems of type B, one has No(B; 9, m) < B0,

Proof. Following the argument of the proof of Lemma 4.3, one finds that
N(B; M x m) — No(B; M, m) = Z p(u, v) Ry (u; 9M) Ry (v; m)

(u,v)EX1UX2

1 1/2
B Ly + Zo) (| [H(B)PAB)
< (Z1 + Zs) (/0\ (B)] ﬁ)

Thus we deduce that

No(B;M,m) — N(B;M xm) < B, (4.2)
We next observe that
N (B9 x m) — /m / Fla, B)G(a) H(B) df da. (4.3)

As a consequence of Schwarz’s inequality, one has

1
Aerw%M@ﬁmwﬁMdﬁ<ng4mWU¥%

where for i € {1,2} we write

1
Ui = [ loeasia + bass®hlaa + bs)h(dA) ds.
0
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On considering the underlying Diophantine equations and then appealing to
Lemma 2.4, one discerns that

1
Vs / (9(ba4iB)A(b:BYh(d;B) A < B34,
0

We therefore deduce from the modified version of Weyl’s inequality (2.11) that

[ 1F@pH)145 < 5007 (sup o) [ 1Fw, b)) 03
) < B" 3(B3/4+s)(Bl 8/4-97)  psm—3-8T,
Substituting this upper bound into (4.3) and applying Lemma 2.3, we obtain
N(B;9 x m) < BSm3-5 /m G(a)| da < BT,

The conclusion of the lemma follows by reference to (4.2). O

We are now equipped to finish off the discussion of systems of type B. Com-
bining the estimates supplied by Lemmata 4.3, 4.4 and 4.5, we see that

N(B) = No(B; 9, M) + No(B; M, m) + No(B;m,[0,1))
= N(B;9M x M) + O(B*577).
Hence, in view of (2.6), we conclude from Lemmata 2.1 and 4.1 that
N(B) = N(B;N) +O(B* %27 ") > B*°.
This completes the proof of Theorem 1.1 for systems of type B.

5. SYSTEMS OF TYPE C

Our analysis of systems of type C, wherein s = 12 and (I, m,n) = (2,5,5),
may be abbreviated by adjusting the argument of §3 through modification of
the generating functions F(a, ), G(«) and H(/3). We begin with a discussion
of the pruning operation implicit in the estimation of N(B; R).

Lemma 5.1. For systems of type C, one has N(B; R) < BS.Z1.

Proof. Define the mean values
Ui = [ [ latea)Plota, )P e + b6)P dads,
8

Vi = / & |9(cie) "1 g(d; B)*? | h(aza + byB)[* dav dB,

1 1
_ / / Ih(cea)h(diB)|F da dB,
0 0
and put
(e, ) = [h(cra)h(cz0)h(di B)h(daf) | P(arcx + by B)h(azar + byf)].
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Then an application of Holder’s inequality reveals that

N(B; ) < ( sup ‘If(a,ﬁ))lﬁ(Wle)l/MHH(Uijl/;j)l/Ql. (5.1)

(f)€n i=3 j=3
The argument of the proof of [7, Lemma 10] shows that
sup U(a, ) < BHQY10.
(a,B)€n
As a consequence of Lemma 2.2, meanwhile, one has

Uy < ( /m l9(c;8)|°/2 dB) (s;ég /m lgleia) 2 h(ara + \) P da)) < B,

and a symmetric argument yields the estimate V;; < B?. Finally, one finds
from [27, Theorem 2] that

W < (/1 |h(9)|8de)2 < (B%)? = B,

Combining these estimates within (5.1), we conclude that
N(B,ﬁ) < (B14Q71/10)1/7<BQO)1/14(BG)9/21 < B6Q71/70.
This completes the proof of the lemma. O

Our next step is to relabel the coefficients of the system (1.1) so that m =
m—1,n=n—1,1=10+2, which is to say that (I, m,n) = (4,4, 4), and to put

¢ci=c; and d;=d; (1<j<4),
and

(5i7 bZ) = (ai7 bl) (Z = 17 2)7 (537 bS) = (07 dS) (64, b4) = (C57 O)
We then define the generating functions F(a, 8), G(a) and H(f) as in the
respective definitions of F(«, 3), G(a) and H(f) in (2.2) and (2.3), save that
in the present context the integers [, m, n, and the coefficients a;, b;, ¢; and dy,
are to be decorated by tildes. Further notation from §§2 and 3 is understood to
have the meaning naturally inferred in like manner when decorated by a tilde.
An examination of the argument of §3, leading from the discussion preceding
Lemma 3.2 to the conclusion of the section, now reveals that no adjustment
is necessary in order to accommodate the change of circumstances implicit in
our present analysis. Here it is worth noting that, despite the fact that we
now have [ = 4 and a3z = 0, the presence of three non-zero coefficients in the
equation (3.8) ensures that the analogue of the upper bound (3.13) remains
valid. Thus one obtains =, < B9, and by means of a symmetric argument
also Zy < B*97. The analogue of Lemma 3.3 delivers the bound

No(B; 9, 9M) — N(B; M x M) < B,
and analogues of Lemmata 3.4 and 3.5 yield the estimates

]’\70(.8, fm, m) < Bﬁ_T, NO(B,m, Sﬁ) < B6_T, NO(B,m,m) < B6_T.
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We therefore conclude that
N(B) = Ny(B; M, M) + No(B; M, m) + No(B; m, M) + No(B; m, m)
— N(B; M x M) + O(BS7) = N(B; M x M) + O(B57).
Then, in view of (2.6), we conclude from Lemmata 2.1 and 5.1 that
N(B) = N(B) > N(B;M) + O(B°27") > B°.
This completes the proof of Theorem 1.1 for systems of type C.

6. SYSTEMS OF TYPE D

At present, we have been unable to devise an unconditional treatment of
systems of the shape (1.1) in which (I,m,n) = (5,5,2). A conditional treat-
ment is available by appealing to HRH. In order to describe the nature of this
particular Riemann Hypothesis, we must indulge in some discussion. Although
a lengthy affair in full, for the sake of concision we conduct a rather sketchy
account here of the treatment of systems of type D. Following Hooley [21, §8§5
and 6], we consider the cubic form g(x) = z} + ... + 2} and the associated

discriminant
_3 H 3/2 3/2 4 m3/2),

in which the product is taken over all possible choices of the signs. Let p(m;p")
denote the number of points of the projective variety defined by g(x) = m-x =
0, having coordinates in the finite field F,-, and put

E(m;p") = p(m;p") — (" = 1)/(p" = 1). (6.1)
The Euler factors L,(m;s) are then defined for p { A(m) by putting

L,(m —exp< ZE ") ”S/r).

When p|A(m), one must modify the deﬁnltlon of L,(m;s), as described by
Serre [25], so that for suitable coefficients \;, = A;,(m) with 1 < |A;,| < p*/?,

one has
Ly(m;s) = [J(1 = Njpp )"
J
The number of factors here is at most 10, the precise definition of which need
not detain us. Associated to the modified Hasse-Weil L-function

s) = H L,(m;s)
P
is the conductor B(m), given by
= 1] »
p|A(m)

in which the exponents a, are certain non-negative integers with 0 < a, < 200.
Finally, we put

£(m; s) = (2m) %I (s)°B(m)** L(my s).
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Conjecture 6.1 (HRH). Suppose that A(m) # 0. Then:

(i) the function £(m;s) has a meromorphic continuation to C of finite
order, its only possible poles being at s = % and s = g;
(ii) with w(m) = £1, one has the functional equation

§(m; 5) = w(m)§(m; 4 — s);
(iii) when Re(s) # 2, one has £(m;s) # 0.
It is the assertion (iii) of this conjecture that constitutes the Riemann Hy-

pothesis within HRH. The relevance of Conjecture 6.1 for our work here is
made visible by the following lemma.

Lemma 6.2. Provided that HRH be valid, one has

1
/ £(6)° d6 < B,
0

Proof. When n is a non-negative integer, write r(n) for the number of repre-
sentations of n as the sum of three non-negative integral cubes. Then, subject
to the validity of HRH, Hooley [22, §5] has shewn that

Z r(n)? < o', (6.2)
1<n<x

a conclusion that yields the bound claimed in the lemma as an immediate
corollary. We note that Heath-Brown [19, Theorem 1.1] has also shown that
the upper bound (6.2) holds conditional on the truth of HRH? O

Henceforth in this section, we assume the truth of HRH. We now put Y =
B'Y7 and introduce the generating functions

B(O)= D e@uw’) and K@:;Y)= ) k(p’0),

B/p<w<2B/p Y <p<2Y

in which the letter p is reserved to indicate a prime number in the congruence
class 2 modulo 3. Finally, we change the definition of the generating function
h(0) applied hitherto by setting

h(0) =>  K(6;277Y), (6.3)

where J = [37log B.

Lemma 6.3. When a and b are non-zero integers, one has

/ |g(a0)*h(b0)°| dO < B,

%In order to avoid possible confusion, we note that in the display preceding [19, equation
(4.4)], there is a typographic error which is corrected in (6.1) above.
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Proof. We apply the argument of the proof of Theorem 3.1 of the authors’
recent work [10] concerning sums of cubes and minicubes, substituting the
conditional bound supplied by Lemma 6.2 in place of the bound tantamount
to (2.1) employed in [10]. In the first instance, the relevance of this new bound
is seen on considering the underlying Diophantine equations. One finds that

1
/ IK(6;Y)|5d0 < B,
0

and likewise . .
[ (mas, 100" a0 < (3/v)
Next, when X is a real parameter with 1 < X < B%?2, define
M(q,a; X) =1{0€[0,1): |qg0 — a| < XB},
and then take 21(X) to be the union of the arcs M (g, a; X) with0 < a < g < X
and (a,q) = 1. We put m(X) = [0,1) \ M(X). In view of our choice for Y,

it follows by an application of Holder’s inequality paralleling that employed in
the proof of [10, Corollary 3.2], that

/ l9(ad)*h(b6)°| d6 < BY>*(v/B7) "V < B2,
m(BY3)

As a consequence of Weyl’s inequality (see [28, Lemma 2.4]), moreover, one
has

sup  |g(af)| < B¥4*e,
0em(BY3)

Hence we deduce that

/ - l9(af)*h(b6)°| A8 < (B3/4+5)?BY/?*47 « BS—37, (6.4)

We next prune from m to m(BY?3). By a modified version of Weyl’s inequal-
ity akin to that embodied in (2.11), one finds that whenever Y < p < 2Y,
then

sup |k, (bp*0)| < sup  |k,(0)] < B¥/4tey?,
fem fem(B3/4y —4)

whence
sup |h(bh)| < B¥*+Y3L <« BY5.
fem

In addition, the methods of [28, §§4.3 and 4.4] permit one to establish the
estimate

/ lg(a)|* d§ < By '2
M(BY3)

We are consequently led to the upper bound

6
[ lgtad) 0100 < (sup h06))” [ jglas)i*as
m\m(BY3) M(BY3)

acm
< (B4/5)6Bl+syl2 < 36737'.

The conclusion of the lemma follows by reference to (6.4). O
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We now aim to follow the argument of §4, making adjustments as necessary.
We first revise the definitions of the generating functions in (2.2) and (2.3) by
putting

3

F(a, ) = glaga + byfB)g(asa + bsf) H h(a;a + b;3),

i=1

G(a) = g(csa)g(csa) [ [ Alesa),  H(B) = g(diB)g(daB3).

7=1

Defining N(B;B) as in (2.4), we again obtain the lower bound (2.5) for N(B).
All other definitions remain unchanged in the discussion to follow, unless ex-
plicitly noted. Notice that the new definition (6.3) of the generating function
h(#) ensures that its behaviour on major arcs is very nearly as congenial as
that of g(#), since it differs from a classical Weyl sum only by the presence of
a small prime factor. Indeed, one may sum trivially over this factor whenever
necessary, treating the remaining part as a classical Weyl sum. In this way,
one may verify that the conclusions of Lemmata 2.1, 2.2 and 2.3 remain valid
in the current situation, despite the novel identity of the exponential sum h(6).

Our next step is to derive an analogue of the pruning lemma of §4.

Lemma 6.4. For systems of type D, one has N(B; &) < BS.Z~1.

Proof. Define the mean values

Uiy = // |g(ci)g(diB)|°|h(aja + b;B)h(c;a)|* dadB,
R

11
VVj:/O /0 |h(cja)h(a;o + b;8)|* dard,

and put
3
V(o ) = [ [ In(ea)h(aza + b;B)].
j=1

Then an application of Holder’s inequality reveals that
2 13/57 - 9 779 117 \1/57
N(B: ) < g(0)( sup W(ey ) [JWhusw)T (65)
(o,B)en j=1
The argument of the proof of [7, Lemma 10] shows that

sup U(a, f) < BSQ~Y10.
(a,8)€n

As a consequence of Lemma 2.2, meanwhile, one has

U < ([ late) ™ lnteso)dar) (sup [ 1o(di8) 110055+ N a5)

< (Blo/g)z _ B20/9



24 JORG BRUDERN AND TREVOR D. WOOLEY

Also, by considering the underlying Diophantine equations, making a change
of variables, and applying [27, Theorem 2], one sees that

W, < (/1 |h(«9)\8d9>2 < (B%)? = B,

Combining these estimates within (6.5), we conclude that
N(B7ﬁ) < BQ(BﬁQ—l/lo)13/57((820)2310)3/57 < BﬁQ_l3/570.
The conclusion of the lemma now follows. O]

We now proceed as in §4, adopting the notation introduced in the discussion
prior to Lemmata 3.2 and 3.3. In present circumstances we have (I,m,n) =
(5,5,2), though comparison with §4 will be assisted in what follows by explicit
mention of [, m and n. Thus, for systems of type D, the truncation parameter
is fixed to be T' = B'=3*7, just as in §4. Our next task is to derive a bound
for the quantity Z; introduced in the preamble to Lemma 4.2.

Lemma 6.5. For systems of type D, one has Z; < B*~473 (i = 1,2).

Proof. The reader will experience no difficulty in adapting the argument of the
proof of Lemma 4.2 to establish the claimed bounds, substituting when needed
the estimates

/lF(a’ONQdO‘ < B*and /IF(0,6)|2d6 & BAABT

made available from Lemma 6.3 via Holder’s inequality. 0
Lemma 6.6. For systems of type D, one has
No(B; 9, M) — N(B; M x M) < B,

Proof. We adapt the argument of the proof of Lemma 4.3 to the present con-
text. First, as a consequence of Hua’s lemma (see [28, Lemma 2.5]) and
Schwarz’s inequality, one has

1 ) 1 . 1/2 1 . 1/2
[ im@eas < ([ lo@miras) ([ lo@sas)
0 0 0
< B2+a — B2n—2+a. (66)
Then, as in the proof of Lemma 4.3, we deduce from Lemma 6.5 that
1/2 1 1/2 .
v ([ EPas) < s,
0
and hence that
No(B; 9, M) — N(B; M x M) < B 3T(T 4+ Ty) < B,
The desired conclusion follows on recalling that s = 12. 0

Lemma 6.7. For systems of type D, one has No(B;m,[0,1)) < BS~7/3,
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Proof. By adapting the argument of the proof of Lemma 4.4, one finds that
1/2 1 1/2
No(Bim, 0.1)) < B ( [ 16(0)Pda) ([ ()P a5)
m 0

The first integral on the right hand side may be estimated by means of Lemma
6.3 via Holder’s inequality, and the second from (6.6). Thus one obtains

N()(B, m, [0’ 1)) < Bl—3+T(B2m—4—3'r)1/2(B2n—2+£)1/2 < BS—G—’T/3.
The desired conclusion again follows on noting that s = 12. 0

Lemma 6.8. For systems of type D, one has No(B; 9, m) < B®".

Proof. In the first step, by adapting the argument of the proof of Lemma 4.5,
we deduce from (6.6) and Lemma 6.5 that

N(B; O x m) — No(B; I, m) < B™345(Zy + 7,)'/2 (/01 \H(B)? dﬁ) v

< B R (6

We next estimate N (B; 9 x m), observing that a consideration of the under-
lying Diophantine equations in combination with Holder’s inequality delivers
the bound

/ Fla, $)H() 4

< (slota)) ([ 1rassyras)” / P+ 05)a5) "

We therefore deduce from Lemma 6.2 together with Weyl’s inequality (see
(2.11) above) that

| FlapH3)as < B
Consequently, in view of Lemma 2.3, we derive the upper bound
NBmxm) = [ Gla) [ Fla.pH(3)dda
m m
< BlS/4+z—:/ ]G(a)|da < B15/4+E<BZ+5)_
m
On recalling (6.7), we conclude that
No(B; 9, m) < B 4+ B " « BS—7,
and the proof of the lemma is complete. O

The treatment of systems of type D is now completed just as in the analo-
gous argument for systems of type B in §4. By combining the conclusions of
Lemmata 6.4, 6.6, 6.7 and 6.8, we confirm by means of Lemma 2.1 that

N(B) = N(B;M) +O(B°2™) > B
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This completes the proof of Theorem 1.1 for systems of type D, subject to the
validity of HRH.

7. THE ANTICIPATED ASYMPTOTIC FORMULA: PRELIMINARIES

In this section, we turn to the proof that N(B) is asymptotically at least
as large as anticipated. Consider a system of the shape (1.1) subject to the
hypotheses of the statement of Theorem 1.2. The conclusion of this theorem
is already supplied by [11, Theorem 1.1] when s > 14, so there is no loss of
generality in restricting to the situations with s = 12 and 13. A moment of
thought reveals that the triple (I, m,n) associated with the system (1.1) must
take one of three shapes, namely:

(E) (4,4,4), (4,5,4) or (5,4,4),
(F) (3,5,5),
(G) (5,5,3).

We now modify the argument of §§2-6 in order to accommodate the modest
changes involved in obtaining an asymptotic formula for N(B). We take the
expedient approach of adopting all notation from those sections without further
comment, unless noted otherwise, and thereby economise on space.

We begin by modifying the definitions of the generating functions defined
in (2.2) and (2.3) by putting

l m n
=[[ flaa+0:8), Gla)=]]f(cje) and H(B) =]] f(drB).
i=1 j=1 k=1
With the definition (2.4) unchanged, one finds by orthogonality that
N(B) = N(B; [0, 1%) (7.1)

Lemma 7.1. For systems of type E, F and G, one has
N(B;M) =¢B+0(B%2™").

Proof. We may apply the argument of the proof of Lemma 2.1. The presence
of additional classical Weyl sums, rather than their smooth brethren, ensures
that the analysis underlying the proof of the latter lemma not only remains
valid, but proceeds in a manner more pedestrian than in §2 (see also the proof
of [11, Lemma 3.1]). Thus one obtains the asymptotic formula

N(B;M) = &6J(B) +O(B* %71,

where & = Z A(q), with A(q) defined as in (2.7), and

//Rsz €+b€H (@0 ][ w0 acac

A conventional analysis akin to that descrlbed in §2 reveals that, provided
the system (1.1) admits non-singular p-adic solutions for each prime number
p, then 1 < & < 1. Moreover, for a suitable positive constant J, one finds
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that J(B) = JB* 5. Here, in the notation introduced in the preamble to
the statement of Theorem 1.2, one has J = vy and & = [ v, (compare
the treatment of [11]). This confirms the asymptotic formula claimed in the
statement of the lemma, with ¢ = &J. O

The exponential sum ¢(f), avoiding as it does summands with arguments
close to 0, has slightly better behaviour on major arcs than does f(#). We
therefore record surrogates for Lemmata 2.2 and 2.3 of use in later sections.

Lemma 7.2. Let a be a fixed non-zero integer, and let b be a non-zero rational
number. Then when § > 0, one has

sup / | £(aB)>T0 F(bO + N)?| d <« B>
AeR Jom

and

/ |f(aB)|*T° d§ < B,
m

Proof. The first estimate follows via the argument of the proof of [7, Lemma
9], and the second from the methods of [28, §§4.3 and 4.4]. O

Lemma 7.3. Suppose that the integer w is non-zero. Then for m > 4, one
has

Ry(w;M) < B™ 3L and Ry (0; M) < B™ e,
Similarly, when n > 4, one has
Ro(w; M) < B" 3L and Ry (0; M) <« B"*Fe,
Finally, when m > 5 one has Ri(w; M) < B™3 for all integers w.
Proof. On recalling the definitions of R;(w;9M) and Ra(w; M) from the pre-
amble to Lemma 3.3, these estimates follow from the methods of [28, §§4.3

and 4.4]. We note that a precise form of these upper bounds may be derived
from [23, equations (1.3) and (1.4)]. O

We finish by recording some mean value estimates for Weyl sums. In this
context, when r >t > 3 and Ay, ..., )\, are fixed non-zero integers, we write

t

Dy(0) = [ ] f(xo).

=1

Lemma 7.4. One has

1
/ ID0)2d0 <x BA-52L52 (3 <t <),
0
/ IDUO)2d0 <x BESL (A<t <),
m

/ IDUO)2d0 <5 BXT2L52 (5 <t < 7).
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Proof. The upper bounds
1
/ |f(a)|*da < B* and / 1f(a)|Pda < B°Le3, (7.2)
0 m

that follow, respectively, from Hooley [20, Theorem 1] and Boklan [3], combine
through the medium of Schwarz’s inequality to give

[is@raa< ([ 1sitan)”( [ 1t aa)” < prepen

In view of Lemma 7.2, therefore, one finds that

1
[ @raa= [ ip@raas / F(0)[0da < B BYRL2
By applying Hoélder’s inequality, when 3 < ¢ < r one obtains

/ |Dt(0)|2 do < f(o)Qt—ﬁ/ |f(0)|6 do < B2t_6<B7/2L€_3/2).
0 0

This establishes the first estimate of the lemma.

The second estimate of the lemma follows from the second bound of (7.2),
following an application of Holder’s inequality in a manner similar to that
above. For the third estimate of the lemma, we begin by recalling the sharp-
ened version of Weyl’s inequality

sup |f(a)| < BY1LYE,

acm

available from [27] via the work of Hall and Tenenbaum [17]. This leads from
the second estimate of (7.2) to the upper bound

/|f( lloda<< <sup|f /|f ’8da<<(Bg/4L1/4+8) B5La 3

The final estimate of the lemma therefore follows once again by employing
Holder’s inequality. O

8. SYSTEMS OF TYPE E

The treatment of systems of type E is similar to that of systems of type B
in §4, and we imitate the latter throughout this section.

Lemma 8.1. For systems of type E, one has N(B; f) < B* 5271

Proof. Define the mean values

U= | | 1)l 1f (@B)]"*"|f(aia+ biB)* dardB,
Vi = / 17 eo)P1F(dsB)*1f (ascx 4 bif) P dexdf

and put
l m 4

U(a, ) = [ [ 1F (@ia+biB) P2 T ] 1f () H (diB)["™.
j=1 k=1

i=1
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Then an application of Holder’s inequality reveals that

I m

NB:s) < (swp o) TV, (s1)

(a,p)en i=1 j=1 k=1
The argument of the proof of [7, Lemma 10] shows that

sup U(a, ) < (BHm-1T/3)24imQ=1/10,
(avﬁ)en

As a consequence of Lemma 7.2, meanwhile, one has
Ui < ([ 162 a8) (sup [ 1fe,0) P f(aa + )P da)
m AER Jom
< (B4/3)(B7/3) _ Bll/?)’

and a symmetric argument yields the estimate Vi, < B'/%. Combining these
estimates within the framework of (8.1), we conclude that

N(B,ﬁ) < (Bl+m—17/3Q—1/(240lm))(Bll/3) < BS_GQ_1/4800,
and the bound asserted in the lemma follows immediately. O

We proceed now as in §4, adopting the notation introduced in the discussion
associated with Lemmata 3.2 and 3.3. For systems of type E, the truncation
parameter is fixed to be T = B'3L. As in §4, we pause at this point to
establish an estimate for the auxiliary quantity Z;.

Lemma 8.2. For systems of type E, one has Z; < B¥3Ls73 (i = 1,2).

Proof. Since | > 4, the estimate
/ F(a, 0)e(—au) da < B L7 (u # 0)
0

may be established just as in the proof of Lemma 7.3. Meanwhile, Holder’s
inequality combines with the first estimate of (7.2) to supply the bound

1
/ F(a,0)da < B2, (8.2)
0
and Lemma 7.4 delivers the estimate
/ |F(a,0)]*da < BE 31573, (8.3)

The argument of the proof of Lemma 4.2 therefore demonstrates that

Y plu) KBTI YT pi(u)

(u,v)€X ueX
p1(u)>B'=3L

< B3—1L—1(p1(0)2 +/ |F(a,0)|2da>

m

< BS—IL—I((Bl—Q)Q + BQl_SLa_S),
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and hence
<BTL ) plu,v) < BYPLE
(u,v)EX1

Similarly, and again following the argument of the proof of Lemma 4.2, one
finds that

Zs << /|F |2d5 < (B72)? + B33,

The conclusion of the lemma therefore follows both for ¢ = 1 and ¢ = 2. O
Lemma 8.3. For systems of type E, one has
No(B; 9, M) — N(B; M x M) <« B CL=73/2,

Proof. Since in present circumstances one has n > 4, it follows from Lemmata
7.2 and 7.4 via Holder’s inequality that

/0 H(B) B < /m H(B)[2dB + / HB)Pd8 < B™5.  (8.4)

Following the argument of the proof of Lemma 4.3, therefore, one obtains
1/2 : 2 12 l+n—3 e—3/2
vo<n([1epas) < B

For systems of type E one has m > 4, and so it follows from Lemma 7.3 that
N(B; M x M) — No(B; M, M)
= > p(u,v)Ry(u; M) Ry (v; M)

(u,’U)EleJXQ

< Bm*?’(BE 3 00, 0)| R (v; )| + L¥(T, + T2)>.

veX

But since [ > 4 and n > 4, one finds from (8.2) and Lemma 7.3 that

ZP(O, U) = Pl(O) < B"? and RQ(U; f)ﬁ) < Bn3te,

veX

Consequently,
N(B; 9 x M) — No(B; M, M) < B"3(BH75 4 B3 [=7372)
< Bs_6L6_3/2,
and the proof of the lemma is complete. |

Lemma 8.4. For systems of type E, one has No(B;m, [0,1)) < B¥SLs71/2,

Proof. By adapting the argument of the proof of Lemma 4.4 to the present
context, one obtains

No(B;m,[0,1)) < BlgL(/m‘G(Oé)]Qdozy/Q(/ol \H(B)Pdﬁ)lm
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The first integral on the right hand side may be estimated by means of Lemma
7.4, and the second from (8.4). Thus one finds that

N()(B, m, [07 1)) < Bl—3L(B2m—3L€—3)1/2(BQn—3)1/2 < BS—GLE—I/Q.
This completes the proof of the lemma. 0
Lemma 8.5. For systems of type E, one has No(B; M, m) < Bs~0Ls71/2,

Proof. By adapting the argument of the proof of Lemma 4.4 to the present
context, one obtains

Nummm) < 2w [ cpan)” ([ 1m@ras)

The first integral on the right hand side may be estimated by means of a
variant of (8.4), and the second by means of Lemma 7.4. Thus one finds that

No(B, m’ m) < Blf?)L(BmeS)l/Z(B2n73L573)1/2 < Bsf6Lsfl/2'
This completes the proof of the lemma. |

We may now complete the proof of Theorem 1.2 for systems of type E. We
simply combine (7.1) with Lemmata 8.1, 8.3, 8.4 and 8.5 as in the analogous
argument completing the discussion of §4, obtaining

N(B) > N(B;N) + O(B* 2™ =¢B*° + O(B*.271).
9. SYSTEMS OF TYPE F

In common with the treatment of systems of type C in §5, our argument for
systems of type F, wherein s = 13 and (I, m,n) = (3,5,5), may be substan-
tially abbreviated by adjusting the argument of §8 through modification of the
generating functions F(«, 8), G(«) and H(/3). We begin with a discussion of
the pruning operation implicit in the estimation of N(B; K).

Lemma 9.1. For systems of type F, one has N(B; &) < B".Z~".

Proof. Define the mean values

o ) 3\9/2
U, / / F(cja) f(d;B)°"2 dard,

and put
3 5
U(a, B) = [ If(aie+ b)) T 1£(cja) £(d;8)-
i=1 Jj=1

Then an application of Holder’s inequality reveals that
/10 2 /s
N(B;R) < < sup \If(a,ﬂ)) HUJ : (9.1)
(o,B)en j=1
The argument of the proof of [7, Lemma 10] shows that

sup ¥(a, B) < BYOQV1,
(a,B8)EN
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As a consequence of Lemma 7.2, meanwhile, one has

/ Flego |9/2 o) ([ 1507 45)
< (B¥/?)?
Combining these estimates with (9.1), we conclude that
N(B; 8) < (BYQ-1/10)/10 33 o BT()=1/100
This completes the proof of the lemma. O
Our next step is to relabel the coefficients of the system (1.1) so that m =
m—1,n=n—1,1=10+2, which is to say that (I, m,n) = (5,4, 4), and to put
¢j =c¢; and c@:dj (1<j<4),
and
(@, 0:) = (ai,b) (i=1,2,3), (Ga,bs) = (0,ds) (@s,bs) = (c5,0).

As in the discussion of §5, we then define the generating functions F (o, B),
G(a) and H(f) as in the respective definitions of F(«, 8), G(a) and H(S) in
(2.2) and (2.3), save that in the present context the integers [, m, n, and the
coefficients a;, b;, ¢; and dj, are to be decorated by tildes. Further notation
from §§2 and 3 is again understood to have the meaning naturally inferred in
like manner when decorated by a tilde. An examination of the argument of
§8, leading from the discussion preceding Lemma 8.2 to the conclusion of the
section, now reveals that no adjustment is necessary in order to accommodate
the change of circumstances implicit in our present analysis. Here it is worth
noting that, despite the fact that we now have [ = 5 and a4 = 0, the presence of
four non-zero coeflicients in the equation (3.8) ensures that the analogue of the

upper bounds (8.2) and (8.3) remain valid. Thus one obtains Z; < B7L™3,

and by means of a symmetric argument also Zz < B7LF73. The analogue of
Lemma 8.3 delivers the bound

No(B; 0, 0M) — N(B; 9 x M) < BTL=3/?,

and analogues of Lemmata 8.4 and 8.5 yield

No(B;m,[0,1)) < BTL="2 and  Ny(B; 9, m) < BTL1/2.
We therefore deduce that

N(B) = No(B; M, M) + No(B; M, m) + No(B;m, [0,1))
— N(B; M x M) + O(B"LY2) = N(B; I x M) + O(BTL=/?).

Finally, we conclude from Lemmata 7.1 and 9.1 that

N(B) = N(B) > N(B:N) + O(B".¢ ") =¢B"+ O(B"2™"),
and this completes the proof of Theorem 1.2 for systems of type F.
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10. SYSTEMS OF TYPE G

Our argument when (I,m,n) = (5,5,3) is motivated by the treatment of
systems of type D in §6.

Lemma 10.1. For systems of type G, one has N(B; &) < B".¢7!.

Proof. Define the mean values

Uy — / Va1, (o + b daras

and put
5
= H |f (@i + b:8)° f (i)
i=1

Then an application of Holder’s inequality reveals that
N(B: 1/10 1/15
(B;R) < ( sup ¥(a HHU : (10.1)
(a,B)en =1 j=1
The argument of the proof of [7, Lemma 10] shows that

sup U(a, B) < B¥Q Y1,
(a,8)EM

As a consequence of Lemma 7.2, on the other hand, one has
Uy < ([ 1) da) (sup [ 1707106 + V7]d3)
m AER Jom
< (B3/2)(BQ) _ B7/2.
Combining these estimates within (10.1), we conclude that
N(B,ﬁ) < (B35Q—1/10)1/IOB7/2 < B7Q_1/100.
The conclusion of the lemma now follows. OJ

We proceed now as in §4, adopting the notation introduced in the discussion
prior to Lemmata 3.2 and 3.3. For systems of type G, the truncation parameter
is fixed to be T = B"3L. Our immediate goal is to derive a bound for the
quantity Z; introduced prior to Lemma 4.2.

Lemma 10.2. For systems of type G, one has Z; < B¥/2Ls7%2 (i =1,2).

Proof. We apply the argument of the proof of Lemma 8.2, noting that since
[ =5, in this instance Lemma 7.4 delivers the estimates

/|F a,0))?da < BX~T2[575/2  and /|F B)>dp <« BHT2LE02,

Thus we obtain

Z p(u,v) < B¥ L7 Y(B2)2 4 BA-T/2[275/2)
(’M,’U)le
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and hence
7. < B3 Z plu,v) < BAU-T/2[=5/2
(u,v)E€Xy
Also, though more directly,

7o < (B"2)2 4 BA-T/2[5/2
The conclusion of the lemma now follows for ¢ = 1 and 2. OJ
Lemma 10.3. For systems of type G, one has
No(B; M, M) — N(B; M x M) < B'L™,

Proof. In the present situation one has n = 3, and so Lemma 7.4 yields
1
/ |H(B)]*dB <« B/?LF3/2, (10.2)
0

Following the argument of the proof of Lemma 4.3, one obtains

1 1/2
<[ 1HePa)” < B
0

But for systems of type G one has m = 5, and so it follows from Lemma 7.3
that Ry(u; M) < B? uniformly in u. We therefore conclude that

N(B; M x M) — No(B; M, M) < Z p(u, v) Ry (u; M) Ry (v; M)
(U,U)EX1U.%2
< BT+ Yy) < BTLF 2,
and the proof of the lemma is complete. O

Lemma 10.4. For systems of type G, one has No(B;m,[0,1)) < B"Ls71.

Proof. Adapting the argument of the proof of Lemma 4.4 to the present situ-
ation, one finds that

No(Bim. [0.1) < B0 [ Gla)?da) " (/l H@Pas) "
The first integral on the right handmside may be estim;ted via Lemma 7.4, and
the second by means of (10.2). Thus one obtains

No(B;m, [0,1)) < B2L(BY¥/2Ls=5/2)12(BT/2[s=3/2)1/2 o BTe-1
This completes the proof of the lemma. 0
Lemma 10.5. For systems of type G, one has No(B; M, m) < B'L~1.

Proof. First, adapting the argument of the proof of Lemma 4.5, we infer from
Lemma 7.3 that

N(B; M x m) — No(B;M,m) = Y p(u,v) Ry (u; M) Ry(v;m)

(u,v)€X1UX2

<& B¥(Zy + 7o)'? (/01 IH(B)Fdﬁ)

1/2
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Consequently, from (10.2) and Lemma 10.2, one obtains
N(B; 9 x m) — No(B; I, m) < BA(B/2L-5/2)1/2(BT/2 [#=3/2)1/?
= B2 (10.3)

We next estimate N(B;9T x m), observing that an application of Holder’s
inequality together with (7.2) and [27, Theorem 2} yields

| Fam dﬁ<<H ([ 1 as) "] /|fazoz+b16)l8dﬁ)

< (B5L€ 3)3/8(B5)5/8 <<B5L6 9/8‘

Thus, one deduces from Lemma 7.3 that
N(B;M x m) < B5Lf—9/8/ |G(a)|da < BTL7!.
m

The conclusion of the lemma now follows by reference to (10.3). UJ

The proof of Theorem 1.2 for systems of type G follows by combining (7.1)
with Lemmata 10.1, 10.3, 10.4 and 10.5, just as in the analogous argument
completing the analysis of §4, and so we arrive at the lower bound

N(B) = N(BN)+OB'2 ") =¢B"+0(B'.2™).

11. FURTHER APPLICATIONS

The key feature of the systems amenable to our methods is a block structure.
Our methods make possible the analysis of Diophantine systems of the shape

Oz, ) (W, Ym) :0,}
X(x1,. .., 1) +w(z1, ..., 2,) =0,

for homogeneous polynomials ¢, ¥, x, w of degree d, provided that [, m, n are
suitably large. The simplest situations to describe are those wherein one has
non-trivial minor arc estimates in mean square for each of the polynomials ¢, 1,
X, w. Such is the case, for example, when these polynomials are suitably non-
singular forms in a number of variables exceeding (d—1)2¢71, as a consequence
of the work of Birch [2], and also when these polynomials are diagonal forms
of degree d in d* variables (see [33, 34]). In the latter case, moreover, if one
restricts the variables to be smooth then one can reduce the number of variables
required to 1d(logd + loglogd 4+ O(1)) (see the methods of [29, 30]).

It may be worthwhile to be more specific concerning the diagonal examples
alluded to above. Consider then the Diophantine system

axd + . F et eyl L ey =0, (11.1)
bt 4 ..+ bt +dyzt 4.+ dy2t =0, '

wherein [, m, n are each at least $d(log d+loglogd+O(1)). Also, let N(B) de-
note the number of integral solutions of (11.1) with |x;|, |y:], |2:| < B. Provided
that the system (11.1) admits non-singular real and p-adic solutions for each
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prime number p, then one may prove via our methods that N(B) > B*~2d
where s = [ + m + n. Such systems, then, are accessible to our methods
when s > (% + o(1))dlogd, previous approaches being applicable only for
s = (2+o(1))dlogd. With € defined to be the product of local densities as-
sociated with the system (11.1), on the other hand, one may obtain the lower
bound N(B) > (¢ +0(1))B*2? whenever s > 3d*. Hitherto, such a conclusion
would be available only for s > 4d? or thereabouts.

We finish by noting that at the cost of additional complications our meth-
ods may be generalised so as to be applicable to systems of three or more
equations. Thus, a system of r equations partitioned appropriately into r + 1
blocks may be successfully analysed by recourse to higher moment estimates
along the lines contained in our previous work [9]. The conditions that must
be imposed on the number of variables comprising each block become progres-
sively more complicated to analyse as r increases. When the number of blocks
exceeds r + 1, on the other hand, although inspiration may be drawn from
the investigations of this paper, it seems fair to comment that the situation
remains highly experimental.
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