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Abstract

We prove that infinitely many primes p = m? 4+ n? have n < p , and that infinitely many primes
satisfy {\/p} < p~°?"*?. This sharpens the exponents 0.119 and —0.262 of Harman and Lewis (2001).
Following their approach, we derive both statements from a lower bound of the correct order of magnitude
for the number of Gaussian primes of norm between X/2 and X in every sector of angle X ~%-*%"! and
we prove this bound with Harman’s sieve and their arithmetic information. The new ingredients are
three groupings of terms that their sieve discards: a factorization of a two-dimensional sum for the linear
estimate, and two applications of the bilinear estimate to four-dimensional sums, one of them after a
further application of Buchstab’s identity. These groupings give the grouped terms asymptotic formulas,
so that fewer terms are discarded. In addition, we give every step of the sieve argument in full, filling in
the details that Harman and Lewis present briefly and making several of their statements and discarded
regions precise, and we evaluate the losses of the discarded sums by two numerical methods.
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1 Introduction

A prime p = 1 (mod 4) is the norm p = m? + n? of a Gaussian prime m + in, a prime of the ring Z[i] of
Gaussian integers. Landau asked whether n = 1 occurs for infinitely many primes, that is, whether infinitely
many primes have the form m? + 1 [20]. The question is open. Iwaniec [13] showed that infinitely many
integers m? + 1 have at most 2 prime factors. Infinitely many primes p = m? 4+ n? are known to have n in
sparse sets of arithmetic form: the squares [6], the squares of primes [11], and the integers y? + 1 [18]. These
results restrict the form of n, not its size. A weaker form of Landau’s question asks how small n can be
taken for infinitely many primes p = m? +n%. With m > n > 0, the condition n < p? places the Gaussian
prime m + in inside a sector of angle about p?~1/2 next to the real axis. So the problem is one of Gaussian
primes in narrow sectors.

Under the Riemann hypothesis for the Hecke L-functions of Q(7), Ankeny [1] and Kubilius [15] showed
that infinitely many primes p = m? + n? have n < logp. Without hypotheses, every sector of angle greater
than X —3/10+¢ for every fixed £ > 0, contains the expected number of Gaussian primes of norm in (X,2X],
by a result of Ricci [21] that Coleman [5, Theorem 3] states for every imaginary quadratic field. This covers
n < p? for every § > 1/5. For smaller §, Coleman [5] obtained n < p®!63! with the Rosser-Iwaniec sieve in
number fields. Harman and Lewis [10] used essentially the arithmetic information of Coleman with Harman’s
sieve [9], and obtained n < p®11°. Among the results that hold for every sector, this bound has remained the
best known [14, §1.2]. Harman et al. [8] apply the same sieve to sectors in which the norm also lies in a short
interval. Results that hold for almost all sectors go much further. Huang et al. [12] prove an asymptotic
formula for the number of Gaussian primes of norm in (X,2X] in almost all sectors of angle greater than
X —3/5%¢ for every fixed € > 0. Jérviniemi and Terdviinen [14] find products of exactly 2 Gaussian primes
in almost all sectors of area (log X)'>! in the disc of radius X /2.

If p = m? + n? with positive integers m,n and n < p?, then

0<yp—m= < p¥-1/2, (1.1)
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Let {z} denote the fractional part of . For § < 1/4, (1.1) gives 0 < \/p —m < 1, so

{Vp} = vp—m <p /2729, (1.2)

Harman and Lewis deduced {,/p} < p~ 262 for infinitely many primes [10, Theorem 4] from their bound
n < p®119 [10, Theorem 1]. Earlier, Balog [3] and Harman [7] had obtained the exponent 1/4 — ¢ for every
fixed e > 0. The exponent 0.262 has remained the best known [16]. No exponent above 1/2 is possible in
such a bound, since |/p — k| > 1/(2,/p + 1) for the integer k nearest to ,/p.

Our main result is the following.

Theorem 1 There are infinitely many primes p = m? + n? with m,n positive integers and n < p°1129.

Consequently, there are infinitely many primes p with {,/p} < p~0-2742,

Theorem 1 follows from a lower bound for the number of Gaussian primes in narrow sectors. Here and
below, the norm of a Gaussian integer m + in is |m + in|?> = m? + n%. A non-zero Gaussian integer, and
in particular a product of Gaussian integers, is identified with its associate of argument in [0,7/2), and
arguments are taken modulo /2.

Theorem 2 Let § = 0.1129. There is a constant ¢ > 0 such that, uniformly in ¢ € R and for every
sufficiently large X,

CX1/2+6'
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(1.3)

The sector contains about X'/2+%/(7wlog X) Gaussian primes of norm in [X/2, X) on average over 1,
so the lower bound (1.3) has the correct order of magnitude. For every ¢, an upper bound of the same
order follows from the linear upper-bound sieve over Z[i] [5, Lemma 3]. The linear estimate of Lemma 1(a),
applied to the positive and the negative parts of the sieve weights, gives this sieve the level of distribution
X1/240=0(1) " The sieve then bounds the number of Gaussian primes of norm in [X/2, X) in the sector by
(4/(1 4 20) 4 o(1)) X'/2%9/(wlog X) uniformly in 1.

Proof of Theorem 1 from Theorem 2. Let 6 = 0.1129, and apply (1.3) with ¢» = 0 and X = 2* for large
k. The Gaussian primes of argument 0 are the rational primes ¢ = 3 (mod 4), and fewer than X'/? of
them have norm ¢2 < X. Since cX/?%%/log X > X1/2 for large X, the sector contains a Gaussian prime
w = m+in with 0 < argw < X?~/2, so that m,n > 0. Its norm p = m? 4+ n? is a rational prime with
X/2<p<X. Since § <1/2 and p < X,

n=.,/psin(argw) < \/]3X9_1/2 < \/j?)pe_l/2 =7,

The ranges [X/2, X) for different k are disjoint. So the primes p are distinct for different k, and there are
infinitely many of them. The bound {,/p} < p~°27?2 follows from (1.2), because 1/2 — 26 = 0.2742. O

1.1 Outline of the method

The proof of Theorem 2 refines the argument of Harman and Lewis [10]. Let A be the set of Gaussian integers
in the sector of (1.3) with norm in [X/2, X), and let B be the set of all Gaussian integers of argument in
[0, 7/2) with norm in [X/2, X), so A C B. The number of Gaussian primes in A is the number of elements of
A without prime factors of norm below X!/2. Buchstab’s identity (2.7) decomposes this count into sums of
two kinds. Sums of the first kind have asymptotic formulas (Definition 2): they equal 2X?~1/2 /7 times the
corresponding sums for B, up to a negligible error. Harman and Lewis derive these formulas from bounds
for Hecke L-functions, through linear (Type I) and bilinear (Type II) estimates. A sum has such a formula
when its primes can be combined into variables whose norms lie in the ranges that these estimates admit.
Sums of the second kind consist of non-negative terms that enter with the sign +, so a lower bound may
omit them. They are discarded. Each discarded sum, taken over B and divided by the number of Gaussian
primes in B, tends to an integral (3.13) of Buchstab’s function w of (3.14) over a region of exponents. This
integral is the loss of that region (Definition 3), and the sum of these losses is the total loss ®(0) (Definition 4).



Buchstab’s identity decomposes the number of Gaussian primes in B into the same sums over 5. So, up to
a negligible error, the number of Gaussian primes in A is at least 2X%~1/2 /7 times the difference between
the number of Gaussian primes in B and the discarded sums over B. With the total loss, this gives the lower
bound

0—1/2
#{w € A: w Gaussian prime} > LS #{w € B : @ Gaussian prime} (1 — ®(4) — o(1)). (1.4)
7r

Since B contains (1 4 o(1)) X/(2log X) Gaussian primes by (9.1), (1.4) gives (1.3) for every 6 € (1/9,1/8)
with ®(#) < 1. For their decomposition, Harman and Lewis state that the total loss at # = 0.119 is below
0.943 [10, p. 134].

Besides the prime number theorem in progressions modulo 4 [23, Section 1.2], only the arithmetic in-
formation is quoted without proof. It consists of the sector inequality, the mean-value estimate for Hecke
characters, the prime number theorem with Hecke characters, and Lemmas 6 and 7 of Harman and Lewis.
Lemmas 20 to 23 of Appendix A state them.

1.2 Contributions

We add three groupings of terms that Harman and Lewis discard. A grouping combines the primes of a sum
into the variables of the linear or bilinear estimate, after a further application of Buchstab’s identity (2.7)
where needed. The sum of the grouped terms then has an asymptotic formula.

e A new factorization on a region R. Harman and Lewis discard the sum of the terms pq, with p and ¢
Gaussian primes, whose exponents lie in a two-dimensional region R. Two applications of Buchstab’s
identity introduce primes r and s. We apply the linear estimate to the factorization p - (¢r) of the
sum over (p,q,r). The sum over (p,q,r,s) is discarded, except where the other two groupings apply.
Harman and Lewis apply the linear estimate after Buchstab’s identity only to the factorization (pq) - r.
On R the product pgq is too large for the linear estimate, while p and gr satisfy its conditions, because
q is small.

o The bilinear estimate with any set of primes on a region G. The other two groupings act on terms
pqrst in which two applications of Buchstab’s identity have introduced primes r and s, and t is the
remaining factor, the cofactor. Harman and Lewis discard these terms over four-dimensional regions,
except on a few subregions. The bilinear estimate needs a prime variable and further variables v and
v of norm at least about X'/2=% and it applies at every level of sifting of . On a region G, we apply
it with s as the prime variable and with the product of a non-empty subset of {p, q,r} as u. Harman
and Lewis print the subset {p,r} in one of their regions, and omit the conditions from other groupings
in another.

o A further Buchstab step on a region L. On a region L, we apply Buchstab’s identity once more, at a
level below every fixed positive power of X. This application introduces a prime s’ with |s'| < |s|. The
linear estimate for pgrs then treats the sum sifted at this level, and the bilinear estimate with s’ as its
prime variable treats the sum over s’. Here v may contain s, which on G is the prime variable.

Section 3 defines R, G and L and places them in the decomposition.

Table 4 shows the effect of each grouping. With the regions derived from the lemmas of Section 6
(Remark 27), the decomposition of Harman and Lewis has total loss 1 at # = 0.1167825. The value 0.1167825
is just below the range from 0.117 to 0.118 in which, by Harman and Lewis [10, p. 134], the constant in their
lower bound ceases to be positive. They add that they did not spend much time on the numerical calculations.
Adding R moves the value 0.1167825 to 0.1141073, and adding G and L moves it to 0.1128554, so that the
total loss is below 1 at §# = 0.1129. The losses are computed in floating point by two methods (Section 10).
At 6 = 0.1129 the first method gives the total loss 0.9990033. The gap 1 —0.9990033 = 9.967 x 10~ is more
than 800 times each of the following: the difference between the totals of the methods, the error estimate of
the second method, and the change of the total of the first method from the rule of Table 3 to its finest rule.

We also give in full several steps that Harman and Lewis [10] present briefly: the fundamental lemma
invoked in their Lemmas 8, 9, 11 and 12, the proofs of their Lemmas 8 to 10, the removal of the conditions
that couple the variables of their bilinear estimate, and the extension of their Lemma 14 that part 6 of



their §5 uses. Lemma 3, Lemmas 4 and 5 with Corollary 6, Lemma 7 and Lemma 12 fill in these steps.
Appendix E compares the two arguments item by item, including several statements and discarded regions
that are made precise here.

1.3 Structure of the paper

Section 2 fixes the notation. Section 3 states the decomposition: identity (3.5), the ranges of Table 2,
the groupings R, G and L, and the total loss (3.15). Section 4 states the linear and bilinear estimates,
a fundamental lemma over Z[i], and asymptotic formulas for sifting functions with a variable level, and
Section 5 removes the conditions that couple the variables of a sum. Section 6 treats the sums over two
primes. Section 7 proves identity (3.5), checks the hypotheses of the lemmas on each range of Table 2, and
defines the discarded regions. Section 8 treats the four-dimensional sums on G and L. Section 9 turns the
discarded sums into integrals and proves the lower bound, Lemma 16. Section 10 evaluates the integrals
numerically and proves Theorem 2, and Section 11 concludes. Appendix A collects standard facts and
derives the linear and bilinear estimates from the arithmetic information. Appendix B proves Lemmas 3, 4,
5 and 7, and Appendix C proves Lemma 15. Appendix D lists the inequalities between the parameters, and
Appendix E compares the argument with that of Harman and Lewis.

Theorem 2 follows from Lemma 16 and Table 3. Lemma 16 rests on Lemmas 9 to 15, and Lemmas 9
to 14 rest on the results of Sections 4 and 5.

2 Notation

Throughout, 1/9 < 6 < 1/8, a range in which all the inequalities of Table 5 hold, and X is large in terms of
# and of the other fixed parameters. Put

1 1 1+ 220 1+ 460 7+ 1060
o:==—40, TZ=§+9, pi= a : + =t

12 0 T 3 0 VT T (2.1)
= exp((logX)4/5).

Here o, 7, p, ¢ and v are the exponents of Harman and Lewis [10, p. 120]. They satisfy v — 0 = p and
v —0/2 = (. The exponents 7, ¢, p and v bound, as powers of X, the norms of the variables of the linear
estimate, Lemma 1, and X7 bounds from below, up to a constant factor, the norms of the variables u and
v of the bilinear estimate, Lemma 2. The number X7 = X?~1/2 is the angle of the sector in (1.3). The
number p exceeds every fixed power of log X and is smaller than every fixed positive power of X. The
fundamental lemma, Lemma 3, sifts at levels up to p*, and the prime variable of the bilinear estimate has
norm at least p/2.

For a Gaussian integer n, n ~ N means N < |n|? < 2N. From now on, p,q,7,s and w denote Gaussian
primes, d(n) is the number of divisors of n, and 1[] is the indicator of the condition in brackets. A sequence
(an) is divisor-bounded if |a,| < d(n)®° for a fixed Cy. Fix ¢ € R. The lower bounds for X below do not
depend on . The sets A and B of Section 1.1 are

A={neZlil: X/2<|n? <X, y<argn<y+ X}, B={necZli:X/2<n*<X} (22
For € € {A, B} and a Gaussian integer u # 0, put
Evi={ne&:u|n} (2.3)

Buchstab’s identity classifies a Gaussian integer by its least prime factor, so it needs a total order on
the Gaussian primes. The norm does not give one, since a rational prime ¢ = 1 (mod 4) is the norm of
2 Gaussian primes. As in Harman and Lewis [10, p. 122], the Gaussian primes are ordered by norm, and
primes of equal norm by argument:

w <@ means |w|<|&|, or |w|=|w'| and argw < argw’. (2.4)

Then @w < @’ means w < @’ or w = w’, and > and = are the reversed relations.



Definition 1 (Sifting functions) For £ € {A,B}, z > 1 and a prime ¢, the sifting functions of Harman
and Lewis [10, p. 121] are

S(E,2):=#{ne€&:|w]*>zforal w|n}, S(&,q) i=#{n e :w=qforall w|n}, (2.5)

and z and ¢ are their levels. With &, of (2.3) in place of £, (2.5) defines S(&,, z) and S(&,,q). For n € &,
the quotient n/u is the cofactor of n, and the functions that sift the cofactor alone are

S (Eu,2) = #{n € &t |w|* = 2 for all w | njul, S (Eusq) =#{n €&, @ = qfor all w | nju}.
(2.6)

Using the letter S for both functions of (2.5) is a slight abuse of notation. It causes no ambiguity, since
a prime level is always written as a symbol that denotes a Gaussian prime, such as ¢, s’ or @, and every
other level is a real number. By (2.5) and (2.6),

S(Euy2) = S'(Eu, 2) if |w]? = 2 for every w | u, S(Eu, z) = 0 otherwise,
S(Eu,q) = S (Eu,q) if @ = q for every w | u, S(Euyq) = 0 otherwise.

Classifying n/u by its least prime factor for the order (2.4) gives Buchstab’s identities

S'(Ewz)=8"Enw) = Y. I Euw @), G =5 (Enw)— > I (uw @),  (2.7)

we|wl2<z =g, [w|*>w

for 1 < w < 2 in the identity for S’(£,,2) and for 1 < w < |¢|? in the identity for S’(€,,q). These are
Harman and Lewis [10, (13)], and the same identities hold for S in place of S” when u = 1.
By (2.2), the angle X7 of the sector of A is the fraction 2/(7X7) of the angle 7/2 of B.

Definition 2 (Sums and asymptotic formulas) A sum is a weighted count 3(€) of the elements of
& € {A, B}, in which each element is counted with a real weight that does not depend on £. A sum has an
asymptotic formula if, for every A > 0,

S(A) (B) + O(X"(log X)), (2.8)

T nXe
where the implied constant may depend on A and on the parameters allowed by the convention on implied
constants below. The sums of a family, indexed by parameters, have asymptotic formulas uniformly in these
parameters when (2.8) holds with the same implied constant for every member.

For example, by (2.3) and (2.6), |&,| gives the weight 1 to the multiples of v and 0 to the other elements,
and S'(&,, z) gives the weight 1 to the multiples of u whose cofactor has no prime factor of norm below z. A
linear combination of sums is again a sum. If the members of a family have asymptotic formulas uniformly,
then, for a fixed C, a sum of at most (log X)® members, each with the sign + or —, has an asymptotic
formula, since A is arbitrary.

Throughout, £ > 0 denotes a fixed small margin. An inequality between exponents holds with margin ¢
if it still holds after € is added to its smaller side. Implied constants depend only on A, on €, on &, on the
exponent Cy of the divisor bounds, on the numbers of variables and of constraints, and on the constants C1,
C; and ¢g of Lemmas 2, 3, 4, 5 and 8. They never depend on dyadic ranges, intervals, levels, coefficients or
the bounds Z, and Zy; of Definition 5. This convention extends that of Harman and Lewis [10, p. 121]. The
letter C' denotes a positive constant with the same dependence, not necessarily the same at each occurrence.

The function z(y) of (2.11) bounds the levels that Lemmas 4 and 5 admit: a sum ) a,S’(E,,1(n)) over
In|> < X77¢, with a,, > 0 divisor-bounded, has an asymptotic formula when the level I(n) is at most a
constant times z(|n|?). For real y > 1, define the integer j(y) by

L[ ify > X°,
i) {ﬂog(X"/y)/(@logXﬂ—l ify < X7. (2:9)

For y < X7, (2.9) gives j(y) > 0 and
Xo-UW+Do < y < Xo—i(®)o (y < X7). (2.10)



Following Harman and Lewis [10, p. 128], put

) = (7

X7 > 1/ (y)+2)

(2.11)

By (2.9) and (2.11), 2(y) = X7 /y for y > X?. For y < X7, (2.11), the bound y < X?~7®? of (2.10) and
the relation 7 = o + 20 of (2.1) give

X7 \VGwr) .
Table 1 lists the main notation of the paper.
Symbol Definition Defined in Depends on Role
0 1/9 < 0 < 1/8; # = 0.1129 Section 2 — the sector of (1.3) has angle
in Theorem 2 X0-1/2
o, T 1/2—-6,1/2+06 (2.1) 0 X9 is the angle of the sector; u,
v of Lemma 2 have norm at least
X?/Cq; X7 bounds the variable of
Lemma 1(a)
¢ p, v (1440)/3, (14+220)/12, (7+ (2.1) 0, p=v—o0, (= XS XP, XY bound u, u, wu' in
100)/12 v—o/2 Lemma 1(b)
o exp((logX)4/5) (2.1) X Lemma 3 sifts at levels up to u?;
the prime of Lemma 2 has norm at
least /2
A, B norms in [X/2,X), in the (2.2) X, 0,9 S(A, X1/2) counts the Gaussian
sector and of any argument primes in the sector
Eu multiples of u in & (2.3) Ee{A B} sets of the sifting functions
< by norm, then by argument (2.4) — least prime factor in Buchstab’s
identity (2.7)
S, s’ elements of &, without Definition 1 <, &u terms of the decomposition
prime factors below the
level; for S’, in the cofactor
n/u
d(n), Co number of divisors; divisor- Section 2 — coefficients of the estimates
bounded means |an| <
d(n)Co
n~N N < |n|?2 < 2N Section 2 — dyadic ranges and boxes
A e saving (log X)*A; fixed Definition 2, Sec- — error of an asymptotic formula;
small margin tion 2 margin of an inequality between
exponents
i(y) -1 for y > X% for (2.9), (2.10) o, 0 exponent 1/(5(y) + 2) in z(y)
y < X7, the integer
with Xo—(@+1)e < y <
xo—i(y)e
2(y) (X7 /y)/ G(W)+2) (2.11) ily), T largest level, up to a constant fac-
tor, of Lemmas 4 and 5
> sum of S(Epq, q) over p € I1, (3.5) Iy, 2 the sum that the decomposition
q=p, lg? > z(|p/?) splits
a, B, 7,90 Ip|2 = X%, |q|> = X5, |r]2 = (3.6) P, q, T, S coordinates of the regions
X7, |s|2 = X9
Bo(a) log 2(X%)/log X (3.7) z lower limit of B in Y_*
D, Dg, Ex domain of Y *; regions of (3.8), Section 7 Bo and the param- regions of Table 2
discarded sums eters
R,G L, P regions of the groupings (3.10), (3.11), the parameters the sums on them have asymptotic
(3.12) formulas by Lemmas 11 and 14
w Buchstab’s function (3.14) — integrand of the losses
d(F), ®(0), loss of a region; total losses  Definitions 3 w, Dg, Eg, G, L, P ®(0.1129) < 1 gives Theorem 2
Dp(0) and 4
H, &y, JIa (log X)B, (1 + 1/H)*, (5.1) X, B short intervals that remove the
[Exs€x41) conditions coupling the variables

Table 1: The main notation: each symbol, its definition, the display, definition or section where it is
introduced, the symbols it depends on, and its role.



3 The decomposition and the total loss

By (2.2) and Definition 1, the number of Gaussian primes in A is the sifting function S(A, X'/?). Lemma 16
proves the lower bound (1.4) in the form (9.3), in which ®(#) is replaced by a number ®.(6) that tends to
the total loss ®(6) of (3.15) as € — 0.

3.1 The linear and bilinear estimates in exponent form

The asymptotic formulas rest on the linear and bilinear estimates, Lemmas 1 and 2. The arithmetic infor-
mation quoted from Harman and Lewis [10] enters the argument only through these two lemmas. Consider

a sum over primes twy, ..., wx and a cofactor t with @y - - - wxt € €, where |w;|? is about X%i. For a set S
of indices, put
s = sz (3.1)
€S

The linear estimate applies when ¢ is free, that is, subject to no sieve condition. Through Lemma 3, it also
applies when ¢ has no prime factor of norm below p*. In exponent form, it needs Yoz < T, or, for a
partition of the indices into sets U and V,

Ty < Ca Ty < P, in < V. (32)

The bilinear estimate applies at every level of sifting of ¢, since ¢t becomes part of one of its variables, whose
coefficients may be any non-negative divisor-bounded sequence. It needs an index iy and a non-empty set S
of other indices with

o< rs <T—xy. (3.3)

The product of the primes of S then has norm at least X7, up to a constant factor. So does the quotient of
wy - - - wit by this product and by w;,, since (2.2), (3.3) and (2.1) give, up to a constant factor,

|y -+ wrct]? < X/2 S Xt X

|wi0 HiES wi‘Z = xrstmi, 7 2 T o9

The product and the quotient are the variables v and v of Lemma 2, and w;, is its prime variable w.
Lemma 8 states the condition Zfil x; < 7 and (3.2), with margin ¢, as (P1) for a free cofactor and as (P2)
for a cofactor without prime factors of norm below u*. It states (3.3), up to constant factors in the norms,

s (P3). Through Lemmas 4 and 5, its condition (P4) covers a cofactor sifted at a constant level that is at
most a constant times z(|wy - - - wi|?), for products of norm at most X7 ¢.

3.2 Decomposition of the sifting function

The decomposition begins with two applications of Buchstab’s identity (2.7). Put
I := {p s x? < \p|2 < X1/27 z(|p|2) < |p|2}, I, := {p s X0 < |10|2 < Xl/z, z(\p|2) > \p|2}. (3.4)

For € € {A, B},

S(€. X2 =S(E.X°) 3 8 z(pP) = Y. 5Enn) + Y. S(Epgsa), (3.5)

p€lly p€Elly

where " runs over the pairs with p € II;, ¢ < p and |q|?> > z(|p|?). The first application of Buchstab’s
identity gives the terms S(&,,p) with X? < [p|? < X'/2. Since |p|> < z(|p|?) for p € Iy by (3.4), the
sum over p € Il in (3.5) has an asymptotic formula without a second application. For p € II;, the second
application lowers the level of S(&,,p) to z(|p|?) and subtracts the terms of >_*. Lemma 13 proves (3.5) and
gives the terms other than Y_* asymptotic formulas by Corollary 6 and Lemmas 1, 4 and 5. The rest of the
argument concerns Y .



The lemmas of Section 6 treat a pair (p,q) of >." according to the sizes of |p|> and |¢|? as powers of X.
For primes p, q, 7, s, define the exponents «, 3,7, by

p?=x  |¢P=Xx"  |P=Xx7, |s=X° (3.6)

For 0 < a < 1/2, the lower limit of 3 in }." is, by (2.9) and (2.11),

50(0‘) = ]ogX (7' — a)/(](Xa) + 2) for a < 0. (37)

_ log2(X®) _{T—a for a > o,
Section 7 discards the pairs of Y.* with |p|?|g|* > X, whose terms have cofactor 1 and whose sum over B is
O(X/(log X)?). The other pairs with |¢| < |p| have exponents (3.6) in

D:={(a,8) : 0 << 1/2, Bo(a) < B < min(e, (1 —a)/2)}. (3.8)

The other pairs with |¢| = |p| have exponents on the line § = «, on the boundary of D. Following
Harman and Lewis [10, §5], whose numbering we keep, we split D into Ranges 1 to 6, listed in Table 2,
and each of them into parts, which are polytopes. Figure 1 shows the ranges at § = 0.1129, with the
regions Dy, of Section 7 where Y_" is discarded and the region R of (3.10). On each part, >." receives one
of three treatments: an asymptotic formula for the whole sum; identity (6.7) of Lemma 11 or identity (6.12)
of Lemma 12; or a discard of the whole sum. Both identities apply Buchstab’s identity (2.7) twice. For
Ipg|> > X7, the level X7 /|pq|? is the largest, up to a constant factor, that Lemma 4 admits for a sum of
S(A,q, ) over (p,q). The conditions |pg|> < X7 < |p|?|q|* make this level at least 1 and at most |¢|>. For
a pair (p,q) with ¢ < p that satisfies them, the two applications of Buchstab’s identity (2.7) at the level
X7/ |pgl? give

X7 X7
S(qu»Q) = S(qu, \Z’TP) - z;l S(qura W) + S;«I S(‘APQTS’ S)' (39)
lpar|>>X7 Ipas|*> X7

In each term S(A,,-) of (3.9), every prime factor of u satisfies the condition that the level imposes, by
s <1 < q =< p, the bound |p|?|¢|* > X7 and the conditions of summation. So these terms equal S’(A,,-)
by (2.5) and (2.6), as (2.7) requires. In the third sum, s < r and |pgs|?> > X7 give |pgr|?> > X7. A boz is
the set of pairs (p,q) with p ~ P and g ~ @Q, for powers P and Q of 2. Its exponent rectangle is the set
of pairs (a, 8) with X € [P,2P) and X? € [Q,2Q), and the distance of a box from a set of exponents is
that of its exponent rectangle. Summing (3.9), with PQ in place of |pg|?, over the pairs (p, q) of a box with
X7 < PQ < X7 that satisfy ¢ < p and |¢]? > X7 /(PQ) gives identity (6.7). For the boxes with PQ < X7,
(2.9) gives j(PQ) = 0, so the level X7 /(PQ) exceeds z(PQ) by (2.11). Identity (6.12) is built in the same
way, at the level z(PQ) and at a level that depends on |r|2. On the parts whose treatment is an identity, the
sums over (p,q) and over (p, g, r) of that identity have asymptotic formulas. The third sum of identity (6.7)
or (6.12), of S(Apgrs, s) over primes s < r < ¢ < p, has non-negative terms and enters the identity with the
sign +. It is discarded over a four-dimensional region of exponents («, 3,7, 9).

3.3 Groupings on the regions R, G and L
The grouping in Range 2 of Table 2 acts on the region

R:={1/3<a <0, max({ — o, (7 — @) /2) < B < p/2}. (3.10)

Case (a) of (6.4) in Lemma 10, whose conditions read a + 8 < ¢, 8 < p and a + 28 < v in exponents,
applies the linear estimate to the factorization (pq) - r. In Range 2, « + 8 < ¢ implies 8 < p and a +28 < v
(Section 7). On R, where a + 8 > (, case (b), whose conditions read a@ < ¢, 26 < pand a +28 < v in
exponents, applies the linear estimate to the factorization p - (¢r). In Range 2, a < o < ¢ by Table 5 and
o+ p=v by (2.1), so these conditions reduce to 28 < p, the upper limit of 8 in (3.10). The lower limits of
B there are ¢ — «, below which case (a) applies, and fp(a). In Range 2, 0 — 0 < 1/3 < o < o by Table 5,
so X770 < X < X7 and (2.10) gives j(X®) = 0. Hence By(a) = (T — a)/2 by (3.7). Section 7 checks that



Range Exponents Treatment of >~ Discarded  Third sums

1 c<a<l/2 asymptotic formula (Lemma 9) D: —

2 1/3<a<o identity (6.7), case (a), and case (b) on R D2 Es, Er
(Lemma 11)

3 p<a<l/3 identity (6.7), case (a) (Lemma 11) D4 Es

4 c—0<a<p identity (6.7), case (a) (Lemma 11) Ds E;

5 a<oc—0,c<a+p S< of (6.6), and identity (6.7), case (a) Ds Eo
(Lemma 11)

5 a<o—-0<a+pf<o Sc< of (6.11), and identity (6.12) with — Eio
j(PQ) =0 (Lemma 12)

6 a+p<o—0 identity (6.12) with 7(PQ) =1 (Lemma 12) — Eil

Table 2: The ranges of the domain D of (3.8), with Range 5 in 2 rows. For each range: the exponents of
the pairs (p, ) of >.°; the treatment, where S— is the sum of (6.6) or (6.11) that has an asymptotic formula
and the cases (a) and (b) are those of (6.4); the two-dimensional region where >.* is discarded; and the
four-dimensional regions where the third sum of (6.7) or (6.12) is discarded, except on GUL of (3.11). The
regions Dy, and Ej are defined in Section 7, by (7.4), (7.5), (7.6), (7.7), (7.8) and (7.9). The index k of a
region Dy, or Ey, is that of the loss ¢y of Harman and Lewis (Table 7), and Eg has no counterpart there.
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0.15 A

R
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Figure 1: The domain D of (3.8) in the (a, §)-plane at § = 0.1129. Dashed lines separate the ranges of
Table 2, numbered 1 to 6: the vertical ones are at « = o = 0.3871, 1/3, p = 0.29032 and o — 6 = 0.2742,
and the oblique one is the line a + f = 0 — 6 between Ranges 5 and 6. Dark gray: the regions D1, Dy, Dy,
D¢ and Dg of Section 7. Blue: the region R of (3.10). Light gray: the rest of D.

X7 < PQ < X7 ¢ on R, as Lemma 11 requires. So on R, the treatment of " is identity (6.7), whose third
sum alone is discarded, over the region Eg of (7.9).

The other two groupings give parts of the third sums of (6.7) and (6.12) asymptotic formulas. The
exponents (3.6) of p,q,7, s are the z; of (3.1). An index set is denoted by the set of its primes, as in
T{pqr = @+ B3, and iq is given by its prime, as in @;, = 5. On a region G, the bilinear estimate applies to
the products pgrst with s as its prime variable: (3.3) holds with x;, = ¢ for a non-empty set S C {p, q,7}.
On a region L, Buchstab’s identity (2.7) at the level u* writes S(A,qrs,$) as the difference (8.1) of a sum
sifted at the level u* and a sum over a further prime s’ < s. The sum over s’ enters with the sign —, so



both sums need asymptotic formulas. The linear estimate treats the sum sifted at the level u* on the region
| where the exponents of p, q,r, s satisfy a + 8+~ + 3 < 7 or (3.2). Since |s'|?> < |s|?, the bilinear estimate
with ¢’ as its prime variable treats the sum over s’ where (3.3) holds with ¢ in place of z;, for a non-empty
set S C {p,q,r,s}. The regions G, | and L are

G:= U {o<azs<7-46},
0#SC{p,q,7}
l={at+B+r+o<riu ) fau<C av<p atBry+o<vl, (3.11)

UuV={p,q,r,s}
L:=1InN U {ngsér—é}.
0#SC{p,q,r,s}

Lemma 14 gives the third sums asymptotic formulas on G and L. These regions use the smallest prime of
the product pgrs or pgrss’, namely s or s’, as the prime variable of the bilinear estimate. For a product with
fixed exponents, such as pgrs on G, another prime in this role would not enlarge the region. Indeed, let w;,
be the smallest prime of the product and w;, another prime of it, and suppose that (3.3) holds for a set S
of primes of the product with w;, ¢ S. If @;, ¢ S, then (3.3) holds with iy in place of ig, since x;, < x;,. If
w;, € S, replacing it in S by w;, raises xs by x;, — x;,. By (3.3) for S, the new value zs + x;, — x;, satisfies
0L Ts KTs+Tj, — T, ST —Tj,.
So the new set satisfies (3.3) with ¢; in place of .
The region L contains the polytope

P:z{a+ﬂ<a,’y+5<p,a+ﬁ+6>a,a+ﬁ+2§<7}. (3.12)
On P, the partition U = {p,q}, V = {r, s} satisfies (3.2), since Table 5 and (2.1) give
y=a+p<o<(, Ty =7v+6 < p, a+pB+y+d<o+p=vr.

The set S = {p,q, s} has s = a+ B+, so the bounds o+ +0 > o and a+ S+ 26 < 7 of (3.12) are (3.3)
with ¢ in place of z;,. Section 10 also evaluates the losses with P in place of L. On P, the treatment of each
four-dimensional box of Section 8 can be checked by hand.

3.4 The total loss

The lower bound of Lemma 16 drops the discarded sums over A, and its main term is 2/(7X7) times the
difference between S(B, X'/2) and the same sums over B, as in (9.4). So each discarded sum is measured
relative to S(B, X 1/2) By Lemma 15, a discarded sum over B with exponents in a region, divided by
S(B, X1/2), tends to the loss of that region (Definition 3).

Definition 3 (Losses) The losses of a two-dimensional region F and of a four-dimensional region F’ are

e [ [[[]

where w is Buchstab’s function, defined by w(u) =0 for u < 1 and

wolu) = 1+ /IUIw(t) it (=1 (3.14)

Equation (3.14) defines w implicitly, starting from w(u) = 1/u for 1 < u < 2, where the integral vanishes.
Definition 4 (Total loss) The total loss is
)= Y D)+ > ®(E, \ (GUL)), (3.15)
ke{1,2,4,6,8} ke{3,R,5,7,9,10,11}

with Dy of (7.4), (7.5), (7.6), (7.7) and (7.8), E of (7.9), and G, L of (3.11). Let ®p() be defined in the
same way with P of (3.12) in place of L.
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The letter ® denotes the loss (3.13) when its argument is a region, and the total loss when its argument
is 6.

The total loss collects the losses of the regions of all sums that remain discarded: the sums over (p, ¢) on
the regions Dy, and the third sums on the regions Ej outside G U L, since Lemma 14 gives the third sums
asymptotic formulas on GUL. So ®(#) measures the proportion of S(B, X'/?) that the discarded sums take
up, and the lower bound of Lemma 16 is positive when ®(0) < 1.

The proof of Lemma 16 splits >.* and the third sums into dyadic boxes. It applies Lemmas 9, 11 and 12
to the boxes that lie inside a part where these lemmas apply, at distance at least € from its boundary, and
Lemma 14 to the four-dimensional boxes that lie in G or L with margin €. It bounds the sums over the other
boxes by Lemma 15.

4 Asymptotic formulas from the linear and bilinear estimates

Each result of this section gives a sum an asymptotic formula in the sense of Definition 2. Lemmas 1 and 2
below are the linear and bilinear estimates of Section 3, in the form used in this paper. The other results of
this section treat sums in which the cofactor is sifted. Lemmas 4 and 5 sift the cofactors of the elements of
&, at a level [(n) that depends on n.

Lemma 1 Let ¢, > 0 be divisor-bounded, and suppose that one of the following holds:

(a) ¢, is supported on |v|*> < XTpu~1;

Then 3,40 ¢o|Eo| has an asymptotic formula. (Proof in Appendix A.)

The bilinear estimate of Harman and Lewis [10, Lemma 5 and (30)] needs a prime variable. Its proof
applies when the prime is restricted to any interval of norms contained in [u?/2, c0), as the proof of Lemma 2
in Appendix A shows. Remark 25 explains the lower limit p*/2, and Section 5 restricts the prime to short
intervals.

Lemma 2 Let Cy > 1, let a,,b, = 0 be divisor-bounded and supported on v ~ U and v ~ V, and let
ut/2 < Zy < Zs. Suppose that U,V > X°/Cy. Then

Y awb #{w: 21 < |w|* < Zs, wow € £} (4.1)
u~U, v~V

has an asymptotic formula, uniformly in U, V, Z1 and Zy. (Proof in Appendix A.)

Lemma 3 below is a fundamental lemma over Z[i]. Every level at which it is applied is at most u* = X°()
so Brun’s pure sieve, described in Appendix B, suffices.

Lemma 3 Let 0 < g9 < 1, let ¢, = 0 be divisor-bounded, and let zy be a function on the support of (cy)
with 1 < zo(u) < pu*. Then Zu;ﬁO cuS' (Euy 20(w)) has an asymptotic formula if one of the following holds:

(a) c, is supported on |u|?> < X"~y ~1;

(b) zo is constant, and c, = Y, _, ., Guibu,, where ay,,by, > 0 are divisor-bounded and supported on
uy ~ Uy, ug ~ Us, with U; < Xgluil, Us; < Xpisouil and U1Uy < Xuisg,uil.

(Proof in Appendix B.)

Lemma 3 sifts at levels up to u*, and the decomposition needs levels [(n) up to a constant times X7 /|n|?
for [n]? > X7 and up to a constant times z(|n|?) for |n|> < X?. Lemmas 4 and 5 reach these levels through
the bilinear estimate. Buchstab’s identity (2.7) lowers the level I(n) to u*, where Lemma 3 applies, and
subtracts a sum over a prime ¢ with u* < |¢|? < I(n). Once ¢ is confined to short intervals, n is the variable
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u of Lemma 2 in this sum, and ¢ is its prime variable. If [n|?> > X°/C; and I(n) < C; X" /|n|? for a constant
C) > 1, then (2.2) and (2.1) give, for the cofactor v of an element of &,,,

X/2 _X'7 X°

2
P> R 2 e T e

and Lemma 2 applies. The bounds on |n|? and I(n) are among the hypotheses of Lemma 4.

Lemma 4 Let C; > 1, let a,, > 0 be divisor-bounded and supported on X°/C; < |n|?> < X7 ~¢, and let | be
any function on the support of (a,) with 1 <1(n) < C, X" /|n|?. Then > xojc<nz<x— anS (€, 1(n)) has
an asymptotic formula, uniformly in (a,) and l. (Proof in Appendix B.)

For |n|? < X7, n can be too small to be the variable u of Lemma 2, which needs U > X°/C;. The proof
of Lemma 5 applies Buchstab’s identity repeatedly, until the product of n and the primes it introduces has
norm at least X9, and then applies Lemma 4 to that product. The bound I(n) < C; 2(|n|?) ensures that
each such product and its level satisfy the hypotheses of Lemma 4.

Lemma 5 Let C; > 1, let ap, = 0 be divisor-bounded and supported on 1 < |n|2 < X9, and let I be
any function on the support of (an) with 1 < I(n) < Cj2(|n|?), where z(|n|?) is given by (2.11). Then
2ignz<xe @S (En,U(n)) has an asymptotic formula, uniformly in (a,) and l. (Proof in Appendix B.)

Corollary 6 The sum S(E,X?%) of (3.5) has an asymptotic formula.

Proof. By (2.3), (2.5) and (2.6), the sum S(€, X%) = S’ (&1, X?) is the case C; = 1, a,, = 1[n = 1], | = XY of
Lemma 5. The hypotheses of Lemma 5 hold, since 1 < X% and 1 < X% < z(1) by (2.12). O

5 Removing the conditions that couple the variables

The sums of Harman’s sieve run over products of primes with order constraints between them, conditions
on products of their norms, and sieve conditions on the cofactor that depend on one of the primes. The
bilinear estimate of Lemma 2 admits none of these conditions between its variables. This section removes
them with short intervals. The order constraints and the conditions on products of norms are the cross-
conditions of Merikoski [18, §7], and the short intervals give what he calls a finer-than-dyadic decomposition,
which he builds from smooth weights [18, §3.1]. Heath-Brown and Li [11, §11.1] separate variables by short
intervals of the same shape as ours, and Harman and Lewis [10, p. 130] remove such conditions by Perron’s
formula (Appendix E). Every order constraint and every condition on a product of norms is constant on
most Cartesian products of short intervals, and the sums over the other products are small. On a single
Cartesian product, the sieve condition differs from sifting at a constant level only at the prime factors of the
cofactor whose norms lie in a few short intervals. Lemma 7 reduces a sum with such conditions to sums over
single Cartesian products of short intervals, and Lemma 8 gives these sums asymptotic formulas under the
conditions of Section 3.1.
For a fixed B > 0, put, for integers A > 0,

H := (log X)?, &= (14 1/H), Iy = [Ex, E0p1). (5.1)

The intervals Jy are the short intervals. For a prime g, let A, be the index with |¢|> € Jx,- The proofs of
Lemmas 4, 5 and 7 in Appendix B choose B in terms of A.

Definition 5 (Configurations) A configuration C consists of the following data:

(i) prime variables 1, ..., @y, with k fixed and |w;|? € Z; for intervals Z; C [u?*, X], the ranges of the
variables. A tuple is a choice o = (w1, ..., w) of these primes;

(ii) a cofactor ¢, which is a Gaussian integer;
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(iii) a fixed number of monomial constraints c, each of the form m.(w) < Z. or m.(w) < Z., where
me(w) = [T, |wi|2¢* with integers |e.;| < 2, not all 0, and Z, > 0. We write 1.(zo) for the
indicator that co satisfies c. A lower bound mc( ) > Z. is the constraint m.(ww)™! < Z1. An order
constraint w; < w; is the monomial constraint with m.(w) = |w;|?/|wy|* and Z. = 1, in which the
case m.(wo) =1 is decided by the order (2.4);

(iv) a sieve condition on t, with indicator E(ww,t), of type (F), (C), (S) or (M): (F) none; (C) every prime
factor of ¢ has norm at least u*; (S) every prime factor @’ of ¢ satisfies @’ = wi,, for a fixed index ig;
(M) every prime factor of ¢ has norm at least

k
@) = Zu ][ =i, (5.2)
i=1

with Zy > 0 and reals | f;| < 2 that do not depend on the tuple.

On every tuple that satisfies all the constraints, we require myi(wo) > pu? in type (M). The sum induced by

Cis
= > D> twiwt el ][ 1lwil €T Hl ) E(w, t). (5.3)

W1y Wk tEL[E] =1

A configuration has the type of its sieve condition, and we identify it with the sum ¢ that it induces.

For example, for fixed primes p, g, 7, s, the sum S’(Epqrs, s) counts, by (2.6), the cofactors ¢ with pgrst € £
whose prime factors are all = s. A sum of S'(Epqrs, $) Over primes in given ranges with s < r < ¢ < p, such
as the third sum of (6.7) on a box, is therefore a configuration with k = 4, the order constraints s < r, r < ¢
and ¢ < p, and the sieve condition of type (S) with ig the index of s.

Definition 6 (Pieces, levels and windows) Let C be a configuration. For an index vector A = (A1,..., A\g)
of non-negative integers, put

T(A) = {w SwiPeinJdy, for 1 <i < k} (5.4)

The pieces of C are the sums over a single set 7 (), without constraints, in which the cofactor is sifted at a
constant level y > 1, or which have a further prime w’ with norm in a short interval Jy, and a free cofactor:

Z S/ wl wk7y) 'P;\,)\/(S) = Z Z |gwy~~wkw/|a (55)
weT (N) wET(A) |w'|2€T

where @’ runs over primes and the integer A’ > 0 is the index of a single short interval. The index vector A
satisfies a constraint c if every tuple of T () satisfies ¢, and straddles c¢ if T(X) contains tuples that satisfy
c and tuples that do not. The level of A is

1 in type (F),
4 in type (C),
=i i tpe () (5.
Enig in type (S),
infmer(ny mm(@) in type (M),
and its window is
0 in types (F) and (C),
W) = { s} in type (3) (5.7

N I N [inf ey My (@), SUP e () (@) # 0} in type (M).

For y = 1, the cofactor of Px(€;y) is free, since S’(E,,1) = |€,| by (2.6). By (5.4) and (5.1), each |cm;|?
varies by at most the factor 1 + 1/H on T(X). Since |f;| < 2 in Definition 5, the level my (o) of (5.2)
varies there by at most the factor (1 + 1/H)?*, so the window (5.7) has at most 2k + 2 elements. Suppose
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that 7(X\) # 0 and that A satisfies all constraints. By (5.7), the ranges Z; C [u*, X] in type (S) and the
requirement myi(w) > pt of Definition 5 in type (M), every X € W(A) then has &y 41 > p*. Hence, by
(5.1),

On the tuples of T(A), the sieve condition Z(zz, t) and sifting at the constant level yx of (5.6) agree in types
(F) and (C). In type (S) they differ only at prime factors @’ of ¢ with &y, < |@'|* < |wis[?, and in type (M)
only at prime factors @’ of t with ya < |@'|? < ma(w). By (5.1) and (5.7), the norm of each such prime
factor lies in Jy/ for some A € W(A). On T(A), the indicators 1[|cw;|? € Z;] of (5.3) equal 1 by (5.4), and
the indicators 1.(wo) equal 1 since A satisfies all constraints. So, by (5.3) and (5.5), the part of 3¢ on the
tuples of T (A) satisfies

> Y Al mt € )@, t) - Palim)| < Y PAA’
weT (A) teL[i] MNeEW(A

Lemma 7 Let C be a configuration, and suppose that, for every fized B, the following pieces of C (Defini-
tion 6) have asymptotic formulas, uniformly in X and \':

(a) Px(E;yn), with the level yx of (5.6), for every X that satisfies all constraints;
(b) Pa(E;1) for every X that straddles some constraint;

(c) Py (E) for every X that satisfies all constraints and every N in its window W(X) of (5.7).
Then the sum X¢ of (5.3) has an asymptotic formula. (Proof in Appendix B.)

The pieces in (b) of Lemma 7 are the straddling pieces of C, and the pieces in (c) are its window pieces.
Summed over X and X, the straddling and window pieces over B satisfy the bound (B.13) of Appendix B,
and their asymptotic formulas carry this bound to A.

Lemma 8 below concerns the pieces of hypotheses (a) to (¢) of Lemma 7. A piece with 7T (X\) = (} vanishes,
so only pieces with 7 (A) # ) are considered. A piece has the primes @y, ..., wg, with K = k for Px(&;y),
and with K =k + 1 and wy+1 = @’ for Py ,,(€). Its cofactor ¢ is sifted at the constant level y, with y =1
for P} ,/(€). The norm of w; lies in A;, and the ezponents of the piece are the z;, where

loginf A;

AZ-::LOJ. <k7 A Z:J/, = 5.9
i (Z ) k+1 A T lOgX ( )

For1<i< K

)

supA; < (14 1/H)inf A;, inf A; > pt/2. (5.10)

The bound for sup A; holds by (5.1). The bound for inf A; holds for i < k since A; C Z; C [u*, X], and
for i = k + 1 since X satisfies all constraints and X' € W(X), which give & > u*/2 by (5.8). So each
log |@;|?/ log X lies within O(1/(H log X)) of z;;, and a condition that holds at (x;) with margin ¢ holds with
margin €/2 for every tuple of the piece, once X is large.

Lemma 8 Let C; > 1. A piece (5.5) has an asymptotic formula, uniformly in X and X, if one of the
following holds.

(P1) y = 1, and either the exponents (5.9) satisfy ZZK:l x; < T — €, or the indices split as U UV and the
sums (3.1) satisfy

xy < C—e, Ty < p—¢, inéu—s.

(P2) y = u*, and the exponents satisfy one of the alternatives of (P1).

(P3) There are an index ig and a non-empty set S of other indices such that
2 X/2 X
inf‘ H w; /
€S

sup |@i, [[es @27 G’
with the infimum and the supremum over the tuples of the piece.

27
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(P4) Every product n = w ---wgk of the piece satisfies
X7/Cy < |nfP < X77F, y < C1X7/|nf?, (5.11)

or
nf2< X7, y<Ciz(nf). (5.12)

Proof. In (P1), y = 1, and the piece is >, ¢y|Ey| by (5.5) and (2.6), where ¢, is the number of tuples of
the piece with product v. This ¢, is non-negative and at most d(v)¥ by Lemma 18(c), and it is supported
on |v|? < XZiiwito() py (5.9) and (5.10). By (5.4), (5.5) and (5.9), the tuples of the piece are all the
tuples with |w;|? € A; for every i. So, when the indices split as U UV, ¢, = >, _, ., aybys, where a, is the
number of subtuples (@;);cyy with product «, and b, is the number of subtuples (w;);ecy with product u’. By
Lemma 18(c) and (5.10), a,, and b,/ are non-negative, divisor-bounded and supported on at most 2 dyadic
ranges. Lemma 1 applies, since the margin /2 absorbs the factor y~!: in case (a) when Zfil x; < T —¢,
and in case (b), on each of the at most 4 pairs of dyadic ranges of u and «’, when the indices split as U LI V.

In (P2), by (5.5), the piece is >, cuS'(Eu, 1), where ¢, is the number of tuples of the piece with
product w. This ¢, is non-negative and divisor-bounded, as in (P1). Lemma 3 applies with the constant
function zg = p* and g9 = £/4, since the margin /2 absorbs the factors X0 and p~!: in case (a) when
ZiKzl x; < 7 —¢, and in case (b) when the indices split as & UV, with u; and us the products of the primes
indexed by U and by V, each in at most 2 dyadic ranges.

In (P3), by (5.5) and (2.6), the piece is

Z Gy by #{wio iy |2 € Ay, uvwy, € 5},
u#0, v#0

where a,, is the number of subtuples (w;);es with product u, and b, is the number of pairs of a subtuple
(wi)igsufi,} and a cofactor ¢ sifted at the level y with product v. By Lemma 18(c), as in (P1), the coefficients
a,, and b, are non-negative and divisor-bounded. Each |w;|? varies by at most the factor 1 4+ 1/H on the
piece by (5.10), and X/2 < |uvw;,|? < X by (2.2), so u lies in at most 2 dyadic ranges and v in at most 4.
By (P3), |[ul*> > X°/C; and |v|? > (X/2)/sup |uw;,|* = X°/C1, so the dyadic ranges u ~ U and v ~ V that
occur have U,V > X?/(2C;). The norm of w;, ranges over A;,, with inf A;, > u*/2 by (5.10), so Lemma 2
applies with 2C1 in place of Cj.

In (P4), by (5.5) and (2.6), the piece is }, ,;anS'(€n,y), Where a, is the number of tuples of the piece
with product n. This a, is non-negative and divisor-bounded, as in (P1), and the level y of the piece is at
least 1. Lemma 4 applies to the n that satisfy (5.11), and Lemma 5 to the other n, which satisfy (5.12),
both with C; = C; and the constant level y. In each of (P1) to (P4), the asymptotic formula of the piece
holds uniformly in XA and A’ by the convention of Section 2 on implied constants. (]

6 Sums of sifting functions over two primes

Throughout this section, p ~ P and ¢ ~ @, and the pairs (p, ¢) form a box. The lemmas of this section treat
the sum >_° of (3.5) on boxes and supply the treatments of Table 2. Lemma 9 gives the sum of S(A,q, q)
over a whole box an asymptotic formula. Lemma 10 gives the sum (6.3) over (p, g,r) an asymptotic formula
under (a) or (b) of (6.4). Lemmas 11 and 12 split the sum of S(A,,, ¢) over the pairs of a box with ¢ < p as
S< + Ss in (6.6) and (6.11) according to the size of |g|?, give S< an asymptotic formula, and express S> by
identity (6.7) for PQ > X and by identity (6.12) for PQ < X?. Lemma 11 also gives the sum over (p, q)
in (6.7) an asymptotic formula. Under (a) or (b) of (6.4), Lemma 11 gives the sum over (p,q,r) in (6.7)
an asymptotic formula too. Lemma 12 also gives the sums over (p, q) and over (p,q,r) in (6.12) asymptotic
formulas.

In every sifting function S(A,,-) below, every prime factor of u satisfies the condition that the level
imposes, so S(Ay, ) = S'(Ay,-) by (2.5) and (2.6). The sums and identities of this section are written for
A. Each sum is defined for B in the same way, and every identity holds with B in place of A, since (2.7)
holds for £ = A and for £ = B.

15



In the proofs below, Lemma 8 is applied with C; = 10, and with £/2 in place of ¢, so that a constant
factor in a bound for a norm is absorbed by X¢/2. Since o + 7 = 1 by (2.1), a piece then satisfies the
conditions of (P3) if, for an index iy and a non-empty set S of other indices, each of its tuples satisfies

=
€S

The ranges of the configurations below lie in [u*, X], as Definition 5 requires. Each lower limit is u*, is
at least X¢ by the hypotheses of the lemma being proved and the inequality 20 < o of Table 5, or is z(PQ),
which exceeds X? by (2.12), since PQ < X¢ in Lemma 12. In Lemmas 10 to 12, the lower limit P of |p|? is
at least X¢, since Q < 2P, PQ > X°~2% and 20 < o give, for small ¢,

2 C«lxl—a
< -

X =5X". 6.1
y (6.1)

2
> X7, ’wio [[=
ics

P2

o—20
> re > X

> X2,
2 2 7

Each upper limit is at most 2P, 2Q, (X/(PQ))*/? or X7 /(PQ), and each of these is below X, since P,Q > 1,
PQ < X% in Lemma 9, PQ < X7 in Lemmas 10 to 12, and 7,v < 1. By the convention of Section 2 on
implied constants, the asymptotic formulas of Lemmas 9 to 12 hold uniformly in P and @, and the asymptotic
formula of Lemma 10 also holds uniformly in the intervals Z, and Z, of its statement.

Lemma 9 supplies the treatment of Range 1 in Table 2. The proof of Lemma 9 applies Buchstab’s identity
(2.7) at the level u* in (6.2). The linear estimate, Lemma 1, treats the sum sifted at the level pu* through
Lemma 3. The bilinear estimate, Lemma 2, treats the subtracted sum of S’( Ay, 7), with p as the variable
u of Lemma 2.

Lemma 9 Suppose that X° < P < X%, Q > PX % and PQ < XV~¢. Then the sum of S(Apq,q) over
p~ P and q ~ Q has an asymptotic formula.

Proof. Since v — o = p by (2.1), the bounds PQ < X¥~¢ and P > X give Q < X?~¢. With the hypothesis
Q > PX~? and with 20 < o and p < o from Table 5, every pair of the box satisfies

pt < X7 L PXT2 Q<P <2Q <2XPF < X7 < P < |p)t

Hence ¢ < p, and S(Apq, q) = S'(Apg, q). Since |q|? > u*, Buchstab’s identity (2.7) at the level u? gives

Z S/(quv q) = Z S/(quvﬂ4) - Z Z Sl(qurvr)~ (6.2)

p~P,q~Q p~P, q~Q p~P,q~Q r=q, |r|2>pt

The sum of S"(Apg, p?) in (6.2) is, in the sense of Definition 5, the configuration with variables p, g, ranges
[P,2P) and [Q, 2Q), no constraints, and the sieve condition of type (C). This configuration has no straddling
pieces, since it has no constraints, and no window pieces, since the window (5.7) is empty in type (C). Each
piece of hypothesis (a) of Lemma 7 has the level y = u* by (5.6) and falls under (P2) of Lemma 8 with
U = {p} and V = {q}, since

Ip|> < 2P < 2X¢7¢, lq)? < 2Q < 2X77¢, Ipg|? < 4PQ < 4XV~E.

The bound |r|? < 2Q, from r < g, gives only |pr|> < 4PQ, which may exceed the bound 5X7 of (6.1),
since PQ may be as large as X”~¢ and v > 7. So (P3) needs a smaller upper bound for |r|2. In the sum of
S'(Apgr,7) in (6.2), only the primes r with |r|* < X/(PQ) contribute. Indeed, suppose that |r|* > X/(PQ).
Let pgrt be an element counted by S’(Apqr,r) or by S’ (Bpgr,r), with cofactor ¢. If ¢t # 1, then ¢ has only
prime factors = r by (2.6), so [t|? > |r|%. Then |pgrt|*> > PQ|r|* > X, so pqrt lies neither in A nor in B by
(2.2). If t = 1, then X/2 < |pgr|? < 4PQ|r|* by (2.2), hence |r|?> > X/(8PQ). Since v+ p = (2+80)/3 < 1
for < 1/8 by (2.1), the bounds PQ < X ¢ and Q < X? ¢ give

16PQ? < 16XVHrP~2 < X, |7|* > 2Q > 2Q > |q%.

8PQ  16PQ2

The bound |r|? > |q|? contradicts 7 < g.
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Hence the sum of S’(A,q-,7) is the configuration with variables p,q,r, ranges [P,2P), [@,2Q) and
[, (X/(PQ))'/?), the constraint r < ¢, and the sieve condition of type (S) with ig the index of r. All pieces
of the configuration of S'(Apq,7), the window pieces included, fall under (P3) by (6.1), with S = {p} and
w;, = r. Indeed, on every piece, X7 < P < |p|?> < 2P and |r|? < (X/(PQ))"/?. The hypothesis Q > PX 2
gives P/Q < X?% and 1+ 20 = 27 by (2.1), so

X \U2 _/XP\1/2 12 T

Ipr|? < 2P(%) = 2(?) <2(XMH20) 2 ZoxT,
Lemma 7 gives the sums of S’(Apq, u*) and of S'(Apgr, ) in (6.2) asymptotic formulas. By (6.2), the sum
of S(Apq,q) over p ~ P and ¢ ~ ) then has an asymptotic formula. O

The proof of Lemma 10 follows that of Lemma 9, with pg in place of p as the variable u of the bilinear
estimate.

Lemma 10 Suppose that Q < 2P and X° < PQ < X"~ ¢. Let 7, C [Q,2Q) and I, C [ X7/(PQ),2Q) be
intervals, and suppose that inf T, > X7 /(PQ). Then

> > S( A XT/(PQ)) (6.3)

p~P, [qI?€Zy, q=p |r[?€L., T=q
has an asymptotic formula if one of the following holds:

(a) PQ< XS5, Q< X775, PQP< X% () P< XS5, QP< X%, PQ* < X"™°, (6.4)

Proof. Every prime factor of pgr has norm at least X7 /(PQ), since |p|* > |q|* > infZ, > X7 /(PQ) and
7|2 > infZ, > X7 /(PQ). So S(Apgr, X7 /(PQ)) = S'(Apgr, X7 /(PQ)). Since X /(PQ) > X¢ > pu* by the
hypothesis PQ < X7~¢, Buchstab’s identity (2.7) at the level u* gives

SI(qurvXT/(PQ)) = S/(-qurvﬂ4) - Z SI(-quTSv s). (6.5)

nA<|s2<X7/(PQ)

Summed as in (6.3), the term S’ (Apq, u*) of (6.5) is the configuration with variables p, ¢, 7, ranges [P, 2P),
Z, and Z,, the constraints ¢ < p and r < ¢, and the sieve condition of type (C). Summed in the same way,
the sum of S'(A,qrs, ) in (6.5) is the configuration with the further variable s, of range [u*, X7 /(PQ)), the
same constraints, and the sieve condition of type (S) with ig the index of s.

For the configuration of type (C), the pieces of hypothesis (a) of Lemma 7 have the level y = u* by (5.6)
and fall under (P2), and the straddling pieces fall under (P1). There are no window pieces, since the window
(5.7) is empty in type (C). For (P1) and (P2), split the indices according to the case of (6.4):

(@) U={p.a}, V={r}: lpaf* <4PQ, [r|><2Q, I|per]* <8PQ*
) U={p}, V={qr}: |p|><2P, |qr]* <4Q?* |pgr|* < 8PQ*>.

In both cases, (6.4) bounds the norms of the products over U, over V and over all indices by X¢=¢, Xr~¢
and XV~¢  up to constant factors, as the conditions on the exponents in (P1) and (P2) require.

For the configuration of type (S), all pieces, the window pieces included, fall under (P3) by (6.1), with
S ={p,q} and w;, = s. Indeed, on every piece,

XT
pal> > PQ > X7, |pgs|® <4PQ- 5= =4X".
PQ
Lemma 7 gives the configurations of type (C) and of type (S) asymptotic formulas. By (6.5), the sum (6.3)
then has an asymptotic formula. O

For the boxes with PQ) > X7, Lemma 11 applies Buchstab’s identity (2.7) twice at the level X7 /(PQ),
as in (3.9). For a prime level g, (2.7) lowers the level to w only for w < |¢|?. So Lemma 11 can apply (2.7)
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to S(Apqg, q) at the level X7 /(PQ) only for the pairs with |¢|> > X7 /(PQ). The pairs with |¢|> < X7 /(PQ)
form the sum Sc of (6.6). In the sum over (p,q,r) in (6.7)7 \p|2 > P, lq)>>Q and |r|> > X7 /(PQ), so

|pq7"|2 PQ - Q =X,

Hence the norms |pgr|? exceed the bound X7~¢ for |n|? in Lemma 4 and the bound X° in Lemma 5. After
Buchstab’s identity (2.7) lowers the level X7 /(PQ) of S(Apqr,-) to u*, the exponents of p, ¢ and r also

violate the alternative Efil x; < 7 —e of (P1) and (P2). The sum over (p,q,r) in (6.7) therefore needs
Lemma 10.

Lemma 11 Suppose that X < Q < 2P and X° < PQ < X7—¢. Split

> S(Apq) =S+ S (6.6)

p~P,q~Q, g<p

according as |q|*> < X7 /(PQ) or |q|*> > X7 /(PQ). Then S< has an asymptotic formula, and

So = S(Ap, XT/(PQ) = Z S (Apgr, X7/ (PQ))
g P X P

+ Z Z Z S(Apgrss 8)s

|7? >X /(PQ) |s |2>X /(PQ)

where each Z runs over p ~ P, g ~ Q, q < p, |q|> > X" /(PQ). The sum over (p,q) in (6.7) has an
asymptotic formula and so has the sum over (p,q,r) if (a) or (b) of (6.4) holds.

Proof. Every pair (p, ¢q) of the box satisfies

X7 4XT
X7 < |pgl? < 4PQ < X77¢/2, Z <= 6.8

7 PQ  |pq? ©8)
The sum Sc of (6.6) is the configuration with variables p, ¢, ranges [P, 2P) and [Q, min(2Q, X" /(PQ))), the
constraint ¢ < p, and the sieve condition of type (S) with ¢g the index of ¢q. By (5.6), a piece of hypothesis
(a) of Lemma 7 has the level y = &,,. The range lq|? < X7 /(PQ) of q and (6.8) give, for every pair (p, q) of
the piece,
XT 4XT

= Tpa

which implies (5.11) with n = pq. The piece therefore falls under (P4). A straddling piece falls under
(P1), since |pg|? < 4PQ < X7~°/2 by (6.8). By (5.7), the prime @’ of a window piece has |@'|? € Jy,, so
|’ |2 < (14 1/H)|q|? by (5.1). With |pg|?> < 4PQ and |q|?> < X7 /(PQ), the bound for |=’'|? gives

X7 < |pg|* < X772, y<lgl’ <

lpgwe’|? < 4PQ (1+ 1/H) |q* < 4(1 + 1/H)X™ < 5X7.

The window piece falls under (P3) by (6.1), with S = {p, ¢} and w;, = @', since |pg|> > X°. Lemma 7 gives
S~ an asymptotic formula.
For |q|? > X7 /(PQ), Buchstab’s identity (2.7) at the level X7 /(PQ) gives

S(Apgq) = S(AmeT/(PQ)) - Z S(Apgr,7), (6.9)
r<q
Ir?>X7/(PQ)
and Buchstab’s identity at the same level, applied to each term S(Apq,,7) of (6.9), gives
S(Apgr,1) = S(qurvXT/(PQ)) - Z S(Apgrs, 5)- (6.10)

s<r
[s?>X7/(PQ)
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Inserting (6.10) into (6.9) and summing over the pairs of S» in (6.6) gives (6.7).

The sum over (p,q) in (6.7) is Zn;éo anS(An, X7 /(PQ)), where a, is the number of pairs (p,q) in
the range of Zp,q with pg = n. Each a, is 0 or 1, since ¢ < p. By (6.8), every n with a,, # 0 has
X < |n|? < X77¢/2, and the level X7/(PQ) is less than 4X7/|n|?. So Lemma 4 applies with C; = 4 and
€/2 in place of €.

The sum over (p, ¢, ) in (6.7) is the sum (6.3) with Z, = [max(Q, X" /(PQ)),2Q) and Z, = (X7 /(PQ),2Q),
since r < ¢ gives |r|? < 2Q. Then infZ, > X" /(PQ), and the hypotheses @ < 2P and X? < PQ < X7 ¢
of Lemma 10 are among those of Lemma 11. Lemma 10 therefore gives the sum over (p,q,r) in (6.7) an
asymptotic formula if (a) or (b) of (6.4) holds. O

For a box with PQ < X7, the level X7 /(PQ) of (6.7) exceeds z(PQ), which is, up to a constant factor,
the largest constant level that Lemmas 4 and 5 admit for a sum of S(A,,,-) over the box. In Lemma 12,
the hypothesis X°72Y < PQ < X7 and (2.10) give j(PQ) € {0,1}, and (2.11) gives

X7\ 1/G(PQ)+2)
7o) -

Lemma 12 applies Buchstab’s identity (2.7) to S(A,q, q) at the level z(PQ). This application subtracts the
sum of S(A,qr,7) over the primes r < ¢ with |r|> > z(PQ) as in (6.18). Then (2.7) lowers the level of each
term S(Apq, ) of the subtracted sum to (X7 /(PQ|r|?))"/U(P@+1D)  The proof of Lemma 12 shows in (6.22)
that j(|pgr|?) < j(PQ) — 1 for every product pgr of the subtracted sum, and deduces in (6.23) that the level
of S(Apgr,-) in (6.12) is below 4z(|pgr|?). Under the hypothesis 4e < 7 — 30/2, the bounds @ < 2P and
PQ < X7 give |pqr|?> < X73¢ for every product pgr in (6.12), as (6.17) shows. So the pieces of hypothesis
(a) of Lemma 7 for the sum over (p,q,r) fall under (P4) of Lemma 8. The hypothesis 4¢ < 7 — 30/2 holds
for small €, since 7 — 30/2 =56/2 —1/4 > 0.

2(PQ) = (

Lemma 12 Suppose that X < Q < 2P and X°~2° < PQ < X7, and that 4 < 7 — 30/2. Split
> S(Apgyq) =S5<+ 5> (6.11)
p~P,q~Q, q=<p
according as |q|*> < z(PQ) or |q|*> > 2(PQ). Then S< has an asymptotic formula, and
X7 )1/(j(PQ)+1))

S>—§S pa> 2(PQ)) Z > S<A”‘"’(W

r<q

|7’| >2(PQ) (612)

+ Z Z Z S(Apgrss 8)s

D,q r<q ) s<r
[r|?22(PQ) |s|?VPDTV> X7 /(PQ|r|?)

where each Y, . runs over p ~ P, ¢~ Q, ¢ < p, lq|? > 2(PQ). The sums over (p,q) and over (p,q,r) in
(6.12) have asymptotic formulas.

Proof. In this proof, a sum or piece sifted at a constant level y > 1 has an asymptotic formula, by Lemmas 4
and 5 with C; = 4 or by (P4) of Lemma 8, if the product n of the primes in each of its terms satisfies

y < 4z(|n|?), In|> < X7°. (6.13)

For |n]? < X7, these bounds give (5.12) and the hypotheses of Lemma 5. For |n|? > X7, where z(|n|?) =
X7 /|n|? by (2.9) and (2.11), the same bounds give (5.11) and the hypotheses of Lemma 4.
By (2.10), every pair (p, q) of the box satisfies

Xo-UPRFDI « PQ < |pg|? < 4PQ < 4X7IPQ9,
If [pg|> < X7, then the lower bound X7~ U(P@+1)0 < |pg|2 and (2.10) applied to |pg|? give

X GPRIO < pai2 o xo—illpa),
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so j(lpql?) < F(PQ). If j(PQ) = 1, then |pg|* < 4X°~% < X7, so |pq|* > X occurs only for j(PQ) = 0.
Since PQ < X7, also X7/|pq|?> > X7 /(4PQ) > 1 and 16PQ < 16X° < X". With these bounds, (2.9) and
(2.11) give

T\ 1/G(lpal*)+2) T\ 1/G(PQ)+2)
2(|pql?) = (;;2) > (4‘%2) > Z(ZQ) (Ipgl* < X7), 61
APQ) = (3g) " < 1pg < g =il (Ipal? > X°).
By (6.14) and the hypothesis PQ < X?, every pair (p, q) of the box satisfies
2(PQ) < 4z(|pq|?), Ipg|? < 4PQ < 4X7 < X7 ¢, (6.15)
The bounds @ < 2P and PQ < X7 give
PQ*=PQ-Q < PQ(2PQ)Y* = V2 (PQ)3? < V2 X37/2. (6.16)

For a prime w with |@|? < 4Q, the bounds |p|? < 2P and |¢|? < 2Q, (6.16) and the hypothesis 4¢ < 7—30/2
give
Ipgw|? < 16PQ? < 16v2 X37/2 < X773 (|lw|? <4Q). (6.17)

The sum S. of (6.11) is the configuration with variables p,q, ranges [P,2P) and [@Q, min(2Q, z(PQ))),
the constraint ¢ < p, and the sieve condition of type (S) with ig the index of ¢. By (5.6), a piece of hypothesis
(a) of Lemma 7 has the level y = &,,. The range |¢|* < z(PQ) of ¢ and (6.15) give, for every pair (p,q) of
the piece,

y <l < 2(PQ) <4z(lpgl?),  |pgl* <4PQ < X7°°.

So a piece of hypothesis (a) satisfies (6.13) with n = pg and falls under (P4). A straddling piece falls
under (P1) by the bound for |pg|? in (6.15). By (5.7), the prime @’ of a window piece has |@’|? € Jy,, so
|’ < (1+1/H)|q|? < 4Q by (5.1). The window piece therefore falls under (P1) by (6.17) with @ = w’.
Lemma 7 gives S. an asymptotic formula.

For |q|? > 2(PQ), Buchstab’s identity (2.7) at the level z(PQ) gives

S(Apg, @) = S(Apg, 2(PQ)) — Z S(Apgr, 7). (6.18)
|r|2;§<qpcz>

Every prime 7 of (6.18) has |r|?> > 2(PQ), so (2.11) gives

; ; X7 X7 ;
2(5(PQ)+2 PQ)+2 _ . 2(5(PQ)+1
r[2UPRI+2) > o (pQ)I(PRI+2 = 70 that is, POTE < |rPUPQ+D),

Hence the level mi(p, q,7) of S(Apgr,-) in (6.12) satisfies

X7\ UGPQ+D)
) < |2 (6.19)

mM(PaCIJ‘) = (W

Since r < g, every prime 7 of (6.18) also has |r|? < 2Q. With (6.19), (6.16), the exponent 1/(j(PQ)+1) > 1/2
and the hypothesis 4¢ < 7 — 30/2, the bound |r|? < 2Q gives

X7 \1/GPQ)+1) X7-30/2\1/2  x(7—30/2)/2 , A
QPQ2> >(27\/§) >f2X8>u . (6.20)

By (6.19) and (6.20), u* < ma(p, q,7) < |r|?, so (2.7) applies again, at the level m(p, q,7):

mm(p, q,7) > (

S(Apgr,) = S (Apgrs mm(p, ¢, 7)) — > S(Apgrs: 5)- (6.21)

s<r
|20 PRI > X7 /(PQIr|?)

20



Inserting (6.21) into (6.18) and summing over the pairs of S in (6.11) gives (6.12).

The sum over (p,q) in (6.12) is >, o anS(An, 2(PQ)), where a, is the number of pairs (p,¢) in the
range of ZWZ with pg = n. Each a, is 0 or 1, since ¢ < p. By (6.15), every n with a,, # 0 satisfies (6.13)
with y = 2(PQ). Lemma 5, applied to the terms with |n|? < X7, and Lemma 4, applied to the terms with
In|? > X7, give the sum over (p,q) in (6.12) an asymptotic formula.

The sum over (p, ¢, r) in (6.12) is the configuration with variables p, ¢, r, ranges [P, 2P), [max(Q, 2(PQ)), 2Q)
and [2(PQ),2Q), the constraints ¢ < p and r < ¢, and the sieve condition of type (M) with the level
ma(p, q,7) of (6.19). The level myr(p, g, ) has the form (5.2) required in type (M), with Zy; = (X7 /(PQ))Y/ PRI+,
with f; = =1/(j(PQ) + 1) for the index of r, and with f; = 0 for the indices of p and ¢. The requirement
mum(p,q,7) = pu* of Definition 5 is (6.20).

The pieces of hypothesis (a) and the window pieces of the sum over (p, g, 7) need a lower bound for |pgr|?.
Every prime r of this sum has |r|?> > z(PQ), so (2.11), the bound PQ > X~U(FPQ)+10 of (2.10) and the
relation 7 = o + 26 of (2.1) give

(PQXT)1/2 > (X070X'r)1/2 _ XU+9/2 lf](PQ) _ 0,

2> PQz(PQ) =
|pq7"‘ QZ( Q) {(PQ)2/3X7—/3 > (X0'729)2/3X‘r/3 _ XU720/3 ifj(PQ) =1.

Every product pgr of the sum over (p, ¢, r) satisfies

X7 ) 1/(G(PQ)+1)

parl? > X770, par) < J(PQ) -1, apar®) 2 (o

(6.22)

In (6.22), the bound for |pgr|? follows from the lower bounds X°*+¢/2 and X7~2%/3 for PQ z(PQ) in the
cases j(PQ) = 0 and j(PQ) = 1. If |pgr|®> > X7, then j(|pgr|?) = —1 by (2.9). If |pgr|> < X7, then (2.10)
and the bound for |pgr|? give

X IPQ0 < |par|2 < xo—iIparl)o,

so j(|pgr|?) < j(PQ). Since |pqr|?> < X7 by (6.17) with @ = r, (2.11) and the bound for j(|pgr|?) give the
bound for z(|pgr|?):
X7 )1/<j<\pqr|2>+2> ( X7 )1/(J’(PQ)+1)
[par|? = \pgr|? '
By (5.6), a piece of hypothesis (a) of Lemma 7 has the level y = inf(, 4 ye7(x) mMm(p, ¢, 7). Every tuple
(p,q,r) of the piece has |pgr|? < 4PQ|r|?, so (6.19) and (6.22) give

(|pgr|?) = (

4X7 \1/(G(PQ)+1)
) < dz(par?). (6.23)

Yy < mmM(p,q,7) < (7
< mulp. 4,7) pgr|?

With the bound |pgr|? < X773 of (6.17) for @ = r, the piece satisfies (6.13) with n = pgr and falls under
(P4).

The straddling pieces fall under (P1) by (6.17) with @ = r. A window piece adds a prime w’. On the
piece, |r|? varies by at most the factor 1+1/H, by (5.1). By (6.19), the level my(p, ¢,) depends on (p, q,7)
only through the factor |r|~2/G(FP)+1D) 5o my;(p, q,7) also varies by at most the factor 14 1/H on the piece.
By (5.7) and the variation of my(p, ¢, ) on the piece, |’|? lies in a short interval Jy, with

Ev < sup mum(p,q,r) < (14 1/H)mu(p,q.7)
(p.a,)ET(N)

for every tuple (p,q,r) of the piece. Hence (5.1) and (6.23) give, for every tuple (p, ¢,r) of the piece,

4X7T N1/ G(PQ)+T)
' < (14 1/H) & < (14 1/H)2mag(p, q,7) < (1+ 1/H>2(|pqr|2) . (6.24)
If 5(PQ) = 0, then (6.24) and (6.22) give
lpgro’|? < 4(14+1/H)*XT < 5X7, Ipgr|® = X°.
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So the window piece falls under (P3) by (6.1), with S = {p,q,r} and @;, = @w’. If j(PQ) = 1, then (6.24)
and the bound |pgr|? < X7=3¢ of (6.17) with w = r give

- 1/2
2(1 4 1/H)*(X|pgr|?)"/

4X7 \1/2
712 2 2
pqrwo' | < (14+1/H)* |pgr ( ) =

2(1+1/H)2X7'736/2 g)(‘l’*ef7

so the window piece falls under (P1). Lemma 7 gives the sum over (p, q,r) an asymptotic formula. a

7 The ranges and the discarded regions

This section proves identity (3.5), defines the regions of Table 2, and checks the treatment of each range.

Lemma 13 Let Iy and Iy be as in (3.4), and >.° as in (3.5). Identity (3.5) holds for & € {A,B}. The
sums S(€, X9), > per S(&p, 2(Ip?)) and > pem, S(Ep.p) of (3.5) have asymptotic formulas. A prime p with
Ip|? = X< lies in Il exactly when § < o < 7/5 or 0 —20 < o < 7/4. The interval [0 —20,7/4) is empty for
6 < 3/26.

Proof. Buchstab’s identity (2.7) for S"(£y, X/?), with w = X?, gives

SE X =85E.Xx - > S(&,p), (7.1)

X9<|p|2<X1/2

and S(&y,p) = S’ (&, p) by (2.5) and (2.6). For p € II;, the identity of (2.7) for S’(€,,¢), with p in place of
both u and ¢ and with w = 2z(|p|?) < |p|?, gives

S'(Epp) =S (Ep2(IP) = Y. S(Epgr0)- (7.2)
q=<p
lg1?>2(|p|?)

By (2.5) and (2.6), the functions S(&,, z(|p|?)) and S(Euq, ¢) in (7.2) equal the functions S’(&,, z(|p|*)) and
S'(Epgs q) that (2.7) gives, since z(|p|? ) < |p|? by (3.4) and g < p. Inserting (7.2) into (7.1) for p € II; gives
(3.5).

The term S(€, X?) of (3.5) has an asymptotic formula by Corollary 6. In the sum of S(&,, z(|p|?)) =
S'(&,, 2(|p|?)) over p € T, for [p|? = X7 the level z(|p|?) is X7 /|p|? by (2.9) and (2.11), and |p|? < X/2 =
X779 so Lemma 4 applies with C; = 1. For |p|?> < X, Lemma 5 applies with C; = 1 and the level z(|p|?).

By (3.4) and (3.7), a prime p with |p|? = X* and 0 < a < 1/2 lies in I exactly when fBo(a) > . For

>0, Bo(a) =7 — a < a, since 0 > 7/2 by Table 5. For a < o, (2.10) applied to X and (3.7) give
(X™) +1)0 < X*)9, U .
(]( )+ ) a<ao J( ) 50(05)7](Xa)+2>a<:’>a<](Xa)+3
For j(X®) = 0 this is impossible, because then &« > o — 6 > 7/3 by Table 5. For j(X®) = 1 it gives
a € [0 —20,7/4), since 7/4 < 7/3 < o0 — 0, and 7/4 < o — 260 for § < 3/26. For j(X*) = 2 it gives
0 < a<71/5 since § >0 —30 and 7/5 < 0 — 20 by Table 5. For j(X*) > 3, a < 0 — 30 < 6, which is
excluded.

In the sum over p € Ily, (2.5) and (2.6) show that the term S(&p,p) differs from S’(E,, [p|?) only by the
cofactors divisible by the other prime p’ of norm |p|?, when it exists and p’ < p. So 0 < S"(&p, [p[?)—S(Ep,p) <
|Eppr|. For p € M, [p|? < 2(|p|?) by (3.4), and [p|*> < X™/* < X7 by the description of II,, so Lemma 5
gives the sum of S'(&,, |p|?) over p € Ty an asymptotic formula. Since |pp'|? = |p|* < X7/2, Lemmas 1(a)
and 18(a) give, with p restricted to the primes of Iy for which p’ exists and p’ < p,

Z [Appr | = XU Z ‘Bpp’|+O(XT(10gX)7A)7 Z |Bpp | < X Z p|~* < X'

p€elly p€elly p€elly |p|22X9
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So the sums of |A,, | and of 2|B,,|/(7X7) over p € Iy are O(X" (log X)~*), and the sum of S(&,,p) over
p € IIs has an asymptotic formula. O

At 6 = 0.1129 the primes of II; have o € [0.1129,0.12258), so D begins at o = 7/5 = 0.12258 in Figure 1.

In the sum )", every element counted by a term S(€,q,q) with |p|?|¢|* > X has cofactor ¢ = 1, because
a cofactor t # 1 has [t|2 > |¢|? and would give |pgt|?> > |p|?|q|* = X. Then pq € £, ¢ < p and |p|*> < X'/2
force X1/2/2 < |g|? < |p|> < X'/2, and Lemma 17(d) bounds the number of such pairs with pg € B by
O(X/(log X)?). These terms are non-negative and enter (3.5) with the sign +, so we discard them. Their
contribution tends to 0 after division by S(B, X'/?), which is of order X/log X by (9.1). The remaining
pairs have exponents in the closure of the domain D of (3.8).

On each part of Ranges 1 to 6, the hypotheses of the lemmas used there are linear inequalities in «,
and 0. For Lemmas 11 and 12, the hypotheses on P and @ read, in exponents and up to the margin ¢,

Lemma 11: e<f8<a, o<a+p<7, and(a)or(b)of (6.4):
)

€
(a) a+B<( B<p, at+2B<y; (b) a<(, 28<p, a+28<y; (7.3)
Lemma 12: e<f8<a, oc-20<a+8<o.

In Lemma 11, (a) or (b) is needed only for the sum over (p,¢,r) in (6.7). On D, 8 < «a by (3.8), and
B = c(0) > e with ¢(0) of (7.10), so e < 8 < « holds on every range. Where Lemma 11 is applied below,
a+ 4 < 7 holds: in case (a), since a+ 8 < ¢ < 7; on R, since a+ 8 < o+ p/2 < 7; and where § < (1 — «)/2,
since then a + 8 < (a4 7)/2 < 7. Appendix D lists the inequalities between the parameters that these
hypotheses use, with their values at § = 0.1129. On each range, the discarded region consists of the pairs on
which no lemma of Section 6 applies.

Range 1 consists of the pairs with ¢ < o < 1/2. Here fp(a) =7 —a by (3.7), and § < (1 —a)/2 < a,
since a > o > 1/3 by Table 5. The hypotheses X7 < P < X¢7¢, Q > PX 2’ and PQ < X"~ of Lemma 9
read o < a<( B >a—20 and a+ f < v in exponents. So Lemma 9 gives the sum Z* over a box
an asymptotic formula where these inequalities hold. Lemmas 11 and 12 do not apply in Range 1, since
B> 7 —agives a+ B = 7 there. The discarded region is

D; := {0<a<1/2, T—a<ﬁ<(1—04)/2}\{@—29<,8<1/—a}. (7.4)

The set subtracted in Dy is empty for a > (v + 26)/2, since a — 20 < v — o means «a < (v + 26)/2. Since
(v +26)/2 < ¢ by Table 5, the condition « < ¢ of Lemma 9 holds wherever this set is non-empty.

Range 2 consists of the pairs with 1/3 < o < 0. Here fo(o) = (7 — «)/2, as Section 3.3 shows, and
B <(1—a)/2 < a,since a > 1/3. On the whole range, 8 > (1 —a)/2 and a > 1/3 give a+ = (a+7)/2 >
(1/3+7)/2 > o by Table 5, so PQ > X°. The bound 8 > (7 — «)/2 is |¢|> = X7/|pg|? in exponents, so
S< =0 in (6.6) on every box at distance at least ¢ from the boundary of D. Where a + 8 < (, case (a) of
(7.3) holds, since 8 < ¢ —1/3 < pand o+ 28 < 2¢( —1/3 < v by Table 5. On the region R of (3.10), case
(b) holds by Section 3.3. The discarded region is

Dy:={1/3<a<o, max({ —a,(t—a)/2) < B < (1—a)/2, B> p/2}. (7.5)

Range 3 consists of the pairs with p < a < 1/3. Here (2.10) gives j(X*) = 0, since p > o — 6 by Table 5,
s0 fo(a) = (1 — a)/2 by (3.7), and 8 < . Lemma 11 applies in case (a) of (7.3) where o + 8 < (. Indeed,
there, by (2.1) and Table 5,

B<C-p<p a+20<A-p=v, a+pxTT00T5,
Where a + 8 > (, case (b) fails, since 28 > 2(¢ — 1/3) = 86/3 > p by Table 5. The discarded region is
D4::{p<a<1/3,g—a<6<a}. (7.6)

Its lower limit ¢ — a of B exceeds By(«) = (7 — @) /2, since o < 1/3 < 2¢ — 7 by Table 5.

Range 4 consists of the pairs with o — 8 < a < p. Here (2.10) gives j(X*) =0,sincec - <a<p<o
by Table 5, so Bp(«) = (7 — a)/2 by (3.7). Lemma 11 applies in case (a) of (7.3) where oo + 25 < v. Indeed,
there, by (2.1),
a+v p+v

2 < 2

v—o+0 p+0 <
2 - 2 p7

=¢  f<

a+p <
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anda+ 82 (a+7)/2>(1-6)/2 > 0. Where 8 > (7 — «)/2 in Ranges 4 and 5, case (b) fails, since o < p
gives 26 > 7 —a > T — p > p by Table 5. The discarded region is

De:={c—0<a<p, (v—a)/2<B<a}l. (7.7)

Its lower limit (v — «)/2 of § exceeds fBp(a) = (T — ) /2, since 7 < v by Table 5

Range 5 consists of the pairs with @« < 0 — 0 and a + > o — 0. Here (2.10) gives j(X®) > 1, so
Bo(a) < (1 —@)/3 by (3.7), and pairs with 8 < (7 — «)/2 occur. Where a4+ 8 > o and § < (7 — @)/2, the
sum of S(A,q,q) over a box is S< of (6.6), and Lemma 11 gives it an asymptotic formula. Where o+ > o
B2 (r—a)/2and a+ 26 < v, Lemma 11 applies in case (a) of (7.3), since there f < a < 0 — 0 < p and
a+p < (a+v)/2 < (0 —0+v)/2 < by Table 5. Where o + 3 < o, (2.10) gives j(X°T#) = 0, and
Lemma 12 applies with j(PQ) = 0. For j(PQ) = 0, the condition |g|?> > 2(PQ) of S> in (6.11) reads, by
(2.11) and in exponents, 8 > (7 — o — 3)/2, that is, 8 > (7 — «)/3. Since 8 < a, the pairs of S> have
a > 7/4. The discarded region is

Ds:={r/3<a<o—-0, (v—a)/2<B<a}l. (7.8)

OnDs, B2(v—a)/2>(T—a)/2,and a+ 8 > (a+v)/2 > 2v/3 > 0, since « > v/3 and o < 2v/3 by
Table 5. So the conditions 5 > (7 — «)/2 and a + 5 > o of the part of Range 5 that Dg covers hold on all
of DS

Range 6 consists of the pairs with a + 8 < o — 6. Since p € II;, Lemma 13 gives a > 7/5 > 0 — 30, by
Table 5. So (2.10) gives j(X*) < 2, and (3.7) gives 8 > fBo(a) > (7 — ) /4. Hence

3a+ T 2T
i~

a+p > >0 — 20,
by Table 5, so (2.10) gives j(X**?) = 1, and Lemma 12 applies with j(PQ) = 1. For j(PQ) = 1, the
condition [g|? > 2(PQ) of S> in (6.11) reads, by (2.11) and in exponents, 3 > (1 — a — 3)/3, that is,
B = (r—a)/d. So Sc = 0in (6.11) on every box at distance at least ¢ from the boundary of D. With
a+f <o—0and (2.1), the bound 5 > (7 — «)/4 gives o < (40 — 40 — 7)/3 = 0 — 26.

In the third sum of (6.7), the exponents satisfy 7 —a — 8 < § < vy < . In that of (6.12), with j(X+7)
in place of j(PQ), they satisfy

T—a—[

T-—a—-fB-v
m <0 <.

ST e S

With these limits, the third sums are discarded over the following regions of («, 3,7, 6):

Es:1/3<a<o, (T—a)/2<8<(—a, T—a—-F<i<y<f;

Er: (a,B)ER, T—a— < i<y <B;

Es:p<a<l1/3, (T—a)2<B<{—a, T—a—-B<d<y<p;
Er:o—-0<a<p (1—a)2<8<(v—a)/2, T—a—<I<y<f;

Eo:a<o— ,(T—a)/2<6 min((v — a)/2,a), T—a—<I<y< B (7.9)
Eio:7/4 < 0, (1 —a)/3 < <min(a,0 — a),

(7—70[, )/2 7<ﬂ77_ afﬂ 7 < 5<7a
Ein:7/5<a<o—-20, (1—a)/4 < B <min(a,0 — 0 — a),

@—a—)ﬁ Y<B, (T—a—F—7)/2<6 <.

InEg, (T—a)/2< B < agvesa>7/3,s0oa+p > (a+7)/2>27/3 > 0 by Table 5, and the pairs
of Eg lie in the part of Range 5 where Lemma 11 applies. In Eig, « > 7/4 and § > (7 — «)/3 give
a+p =2 2a+7)/3 > 17/2 >0 —0, so the pairs of Ejg lie in Range 5. The region Eq; contains the set
of exponents over which the third sum is discarded in Range 6, since Sy(a) > (7 — «)/4. For 6 < 3/26,
the primes with a € [7/4,0 — 26) have j(X*) = 2 by (2.10), since 0 — 30 < 7/5 < 7/4 by Table 5, and
Bo(a) = (1 — &) /4 by (3.7). Their pairs have a + 5 < 2a < 2(0 — 20) < o by Table 5, so Lemma 12 treats
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them, with j(PQ) = 0 in Range 5 and j(PQ) = 1 in Range 6. Lemma 12 does not depend on j(X®), so the
discarded third sums of these pairs lie in E;g and Eq;.

Lemma 16 needs a positive lower bound for the exponents and an upper bound for their sum. All
exponents on D and on the regions (7.9) are at least

6 1 260-1 1-26
w_ 1% ) >0,

2 47 24 7 6 (7.10)

¢(#) := min (402,
and their sums satisfy
a+pf<1—c¢(f) onD, a+B+v+35<1—¢(0) on the regions (7.9). (7.11)

The minimum in (7.10) is positive, since 462 > 0 and 50/2 — 1/4, (260 — 1)/24 and (1 — 26)/6 are quantities
of Table 5. On D, @ > 0 and 8 > By(a). For a > o, (3.7) gives fo(a) = 7 — a > 0. For a < o, (2.10)
gives a < 0 — j(X)0. Then a > 0 gives (j(X*) + 1)0 < o, that is, j(X*) +2 < (¢ +6)/0 = 1/(20), and
T—a>T17—0=20,s0 (3.7) gives
T—« 20
= >
Pole) = Sy 12~ (X 12

Alsoa+8<1—<1=¢(f) on D, since 8 < (1 —a)/2 and S > ¢(9).

On the regions (7.9), 6 < v < 8, and 8 < a: on Eg, E1g and Ej; by their definitions, and on the other
regions by Table 5. On E3 and E5, o > p, since p < 1/3, and ( — o < a for a > p by ¢ < 2p. On Eg,
B<p/2<1/3<a OnEs (v—a)/2<afora>o0—60byv/3<o—0. So it suffices to bound ¢ from
below and a+ 36 from above. On Ej, Eg, E5, E7 and Eg, the lower limit of é is 7 — a— 3, so an upper bound
for a+ 8 bounds ¢ from below. On E3, E5, E; and Eg, the pairs lie in the parts of Ranges 2 to 5 where case
(a) of (7.3) holds, so a+ 8 < (. On Eg, a+ 8 < o+ p/2 by (3.10). Hence, on these regions,

p 1-20 260 — 1)

>7r—a—fB>min(1— —o— L) = min(—2
dz2T—« B/mm(T (, T—o0o 2) rmn( 6 " oa

OnEjp,a+f<candy<f<o/2,s00>27—a—F—y>7—30/2=50/2—1/4. OnEy,a+p<oc—0
and v < 8 < (0 —60)/2, so

> 462,

T—a—0F—-—y _ 17—-3(c—0)/2 1 .50 1
0> 7 > 5 :29_§ > 5 1
For the sums of the exponents in (7.11), a + 8+ v+ < a + 38, and
3¢—2/3 on Ej,
o+ 3p/2 on Eg,
3¢C—2p on Es,
a+38<4@Bv—-0+6)/2 onEy,
4v/3 on Eg,
20 on Eqq,
20 — 20 on Eq.

On Ey, the bound 4v/3 follows from a4+ 28 < v and f < min((v — a)/2,«) < v/3. By (2.1), the bounds for
a+ 30 are 1/3 446, 5/8+760/4,5/6 +6/3, (5+180)/8, (7T+106)/9, 1 — 26 and 1 — 46, so each is below
11/12 for 1/9 < 6 < 1/8. Also 11/12 < 1 — ¢(6), since c(6) < 462 < 1/16.

8 Asymptotic formulas on the regions G and L

This section proves that the third sums of (6.7) and (6.12) have asymptotic formulas on the regions G and
L of (3.11). Let p ~ P, ¢ ~ @ be a box on which Lemma 11 or Lemma 12 gives identity (6.7) or (6.12). For
powers R and R’ of 2, the quadruples (p,q,r,s) of the third sum of that identity with » ~ R and s ~ R’
form a four-dimensional boz. Its exponent box is the set of the («, 8,7, ) with X* € [P,2P), X” € [Q, 2Q),
X7 € [R,2R) and X° € [R',2R’). Let G. and L. be the regions defined by the inequalities of (3.11) with
margin €.
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Lemma 14 If the exponent box of a four-dimensional box lies in G or in Le, then the sum of S(Apgrs, S)
over the box has an asymptotic formula.

Proof. All ranges lie in [u*, X], as Definition 5 requires. Indeed, all norms are below 2P < X, and |p|? >
lg|*> > Q > X* by the hypotheses of Lemmas 11 and 12. In (6.7), |r|?> and |s|? are at least X7 /(PQ) > X¢,
since PQ < X77¢. In (6.12), |r|?> = 2(PQ) > X? by (2.12), and |s|®> = m(p,q,7) > X2¢ by (6.19) and
(6.20). Since s < 7 < g < p, (2.5) and (2.6) give S(Apgrs,s) = S'(Apgrs, s). The sum of S'(Apgrs, s) over
the box is the configuration with variables p, ¢, 7, s and the box ranges. Its constraints are ¢ < p, r < ¢ and
s < r, and the lower limits of |q|2, |r|? and |s|? in (6.7) or (6.12). Its sieve condition is of type (S), with ig
the index of s. The lower limits of |g|? and |r|? are constants, and so is that of |s|? for (6.7). For (6.12),
the lower limit of |s|? is the monomial constraint |r|?|s|?U(P@+1) > X7 /(PQ), with j(PQ) of (2.9). Its
exponent j(PQ) + 1 is at most 2, as Definition 5 requires, since j(PQ) € {0,1}. By Lemma 7, it suffices to
check the pieces.

Suppose the exponent box lies in G.. At one point of the exponent box, a non-empty set S C {p,q,r}
satisfies 0 < x5 < 7 — § with margin . The exponent box has diameter O(1/log X), so S satisfies these
inequalities with margin €/2 on the whole exponent box. Every piece of hypotheses (a), (b) and (c) of
Lemma 7 falls under (P3) of Lemma 8 with this S and w;, = s. Indeed, 25 > 0 +¢e/2 and s+ < 7 —¢/2
on the exponent box, and 1 — 7 = o by (2.1), so

2 1—7+e/2
=] >xoe2 > xe, /2 a

> > X°.
swplsLes@il? ~ 2

Suppose the exponent box lies in L.. Since |s|? > p?, Buchstab’s identity (2.7) at the level u*, with s’
running over primes, gives

S/(-qursas) = S/(-qursaﬂ4) - Z S/(qurss’asl)- (81)

s'<s, |8/ |22

Summed over the box, the term S'(Apgrs, u?) of (8.1) is the configuration with the same variables and
constraints, and with the sieve condition of type (C). As for G, one of the alternatives that define | in (3.11)
holds with margin €/2 on the whole exponent box, so the pieces of hypothesis (a) fall under (P2), and the
straddling pieces under (P1), with £/4 in place of e. There are no window pieces, since the window (5.7) is
empty in type (C). The sum of S"(Apgrss, s') in (8.1), over the box, is the configuration with the further
prime variable s’ of range [u*,2R’), the further constraint s’ < s, and the sieve condition of type (S) with ig
the index of &’. In the same way, a non-empty set S C {p, q,r, s} satisfies 0 < s < 7 — § with margin /2
on the whole exponent box. On every tuple of a piece, |s'|? < 2R’ < 2|s|?, since s’ has range [u*,2R’) and
s ~ R’. So the computation for G gives

X/2 X/4 X1-m+e/2

’ 2 = 2 = > X7
sup |s' [ [;c5 @il sup |s [[;cs @il 4

So every piece, the window pieces included, falls under (P3) with this & and w;, = s’. Lemma 7 gives the
sums of S"(Apgrs, ptt) and of S’ (Apgrssr, 8') in (8.1) over the box asymptotic formulas. By (8.1), the sum
of S"(Apgrs,s) over the box then has an asymptotic formula. In both cases, the asymptotic formula holds
uniformly in P, , R and R’ by the convention of Section 2 on implied constants. O

9 The discarded sums and the lower bound

This section proves Lemma 16, the lower bound announced in Section 3. An element of B has norm in
[X/2, X), so it has no prime factor of norm below X'/2 exactly when it is a Gaussian prime. So Lemma 17(d),
with the counting function 7 of that lemma, gives

S(B.X"2) = 76(X) — ma(X/2) = (1 +o(1)

. 1
2log X (9-1)

The next lemma evaluates the sums over B with exponents in a given region, which bound the discarded
sums.
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Lemma 15 Let K > 1 and c; > 0, and let R C RE be a bounded set whose boundary has Lebesque measure
0, and whose points y = (Y1,-..,yK) satisfy y; = ¢1 and yx < y; for all i, and Zf; yi <1 —c. With
y(w) = (log |wi|?/log X )<k for a tuple of primes w = (w1,...,wk),

3 S(BwlmwK,wK)=S(B,X1/2)(/Rw(1_ZiK—1yi>y' by fon). (02

y(=)ER YK 1 Yk-1Yx
wr <w; (i<K)

(Proof in Appendix C.)

Lemma 16 For every small € > 0 there is a number ®.(0), with ®.(0) — ®(0) as e — 0, such that

S(A, X2 > — S(B,X"?)(1 - ®.(0) — o(1)). (9.3)

X7
The same holds with ®p in place of ®. In particular, if ®(0) < 1 or ®p() < 1, then S(A, X/?) > X7 /log X.

Proof. Identity (3.5) holds for A and for B, and its terms other than > * have asymptotic formulas by
Lemma 13. The domain D of (3.8) is divided by Ranges 1 to 6 into finitely many parts, which are polytopes,
and Section 7 gives the treatment of each part. The hypotheses of the lemma applied on a part are finitely
many linear inequalities in («, 8) that hold on the closed part (Section 7 and Appendix D). Each of them
has integer coefficients, not all 0, so it holds with margin € at the points of the part at distance at least &
from its boundary.

Split " into the O((log X)?) dyadic boxes p ~ P, ¢ ~ @, whose exponent rectangles have side
log2/log X. Call a box good if its exponent rectangle lies inside a part whose treatment is not a dis-
card, at distance at least ¢ from the boundary of that part. Then all its pairs belong to Y_", and the lemma
of that part applies with margin. All other boxes are discarded, and so is the third sum of every good box
on which (6.7) or (6.12) is used. Each discard leaves a lower bound for S(A, X'/?), since every term of 3"
is non-negative and enters (3.5) with the sign 4, and every term of a third sum is non-negative and enters
(6.7) or (6.12) with the sign +. For a discarded box, let Apg(B) be the sum of S(B,q,q) over the pairs
of Y- in the box. For a good box on which (6.7) or (6.12) is used, let Apo(B) be the third sum of that
identity for & = B, and for the other good boxes let Ap o (B) := 0. Summing the error terms of (2.8) over
the O((log X)?) good boxes, each O(X ™ (log X)~#) uniformly in the boxes by Section 6, and using (3.5) for
B, we obtain

S(A,X”%}%( B,x/?) — ZAPQ )~ O(X"(log X)> ), (9.4)

where ) p,g runs over the dyadic boxes p ~ P, q ~ Q of =", In the third sums, split 7 and s into dyadic
ranges, which gives the four-dimensional boxes of Section 8. Call a four-dimensional box good if its exponent
box lies in G; or in L.. Lemma 14 gives the sum over every good four-dimensional box an asymptotic formula,
uniformly in the boxes. Every other four-dimensional box stays discarded. The number of four-dimensional
boxes is O((log X)?). So (9.4) holds with the sums over B of the good four-dimensional boxes removed from
Apg(B), and with (log X)*~4 in place of (log X)2~4

The pairs of Y. with |p|?|g|* > X contribute O(X/(log X)?) to the discarded sums over B that remain
n (9.4) (Section 7), and this is o(S(B, X'/?)) by (9.1). Every other pair of a discarded box has exponents in
the closure of D, within distance 2e¢ of a part whose treatment is a discard, of a boundary between parts, or
of 9D, since the box is not good and its exponent rectangle has diameter O(1/log X). The third sums use
the quantities X7 /(PQ) and z(PQ), which are constant on a box, in place of X7 /|pg|? and z(|pq|?). Since
PQ < |pg|?, this raises the lower limits of v and § in (7.9), so the exponents of every quadruple of a third sum
of a good box lie in the closure of one of the regions (7.9). If the exponents of such a quadruple lie in G and
its four-dimensional box is not good, then a point of the exponent box, at distance O(1/log X) from them,
lies outside G.. The same holds for L. So the exponents of every quadruple of a discarded four-dimensional
box lie within distance 2¢ of the points of the regions (7.9) outside G U L, or of the boundary of one of the
polytopes whose unions define G, | and L in (3.11).

Let ®.(0) be the sum of the losses (3.13) of the following sets. One is the set of the points of the closure
of D within distance 2¢ of a part whose treatment is a discard, of a boundary between parts, or of dD. For
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each region Ej, of (7.9), another is the set of the points of the closure of E; within distance 2 of E \ (GUL) or
of the boundary of one of the polytopes whose unions define G, | and L. Lemma 15, with K =2 and K = 4,
bounds the other discarded sums over B by S(B, X*/2)(®.(#)+ o(1)). Its hypotheses hold for these sets with
c1 = ¢(#). The sets are bounded, and their boundaries have measure 0, since each is the intersection of the
closure of a finite union of polytopes with the set of the points within distance 2¢ of a finite union of convex
polytopes. On them, y; > ¢; and Zszl yi < 1—¢1 by (7.10) and (7.11), and yx < y;, since 8 < « on the
closure of D and § < v < 8 < « on the closures of the regions (7.9).

As € — 0, these sets decrease to the closures of the regions in (3.15), together with finitely many
boundaries. The parts of D and the sets G, |, L and P are finite unions of polytopes, so these boundaries
are null sets. The integrands are bounded, so ®.(f) — ®(#). Finally, X" (log X)*~4 = o(X~7S(B, X'/?))
for A > 5, by (9.1). So, in (9.4) with the good four-dimensional boxes removed and with (log X)*~4 in
place of (log X)?~4, the discarded sums over B are at most S(B, X'/2)(®.(6) + o(1)) and the error term is
o(X~75(B, X'/?)), which gives (9.3). The same argument applies with P in place of L, since the inequalities
of (3.12) with margin ¢ imply those of L with margin ¢, by the computation after (3.12). If ®(0) < 1, fix ¢
with ®_(0) < 1. Then (9.3) and (9.1) give S(A, X'/2) > X7 /log X. The same holds if ®p(f) < 1. O

10 Evaluation of the losses and proof of Theorem 2

The losses (3.13) are computed numerically by two methods, which differ in the quadrature and in the way
they remove GUL from the regions Eg, so that each checks the other. Both are implemented in the folder Code
(see the data availability statement) and use the same limits of the regions and the same table of Buchstab’s
function w of (3.14). The first method also uses a table of its integral Q(u) := [{'w(t) dt. On each interval
[h, h 4+ 1], w is a Chebyshev series of degree 40 and € its integral, of degree 41, built for h =1,2,...,39 in
turn from (3.14), which determines w on [h, h + 1] from its values on [1,h]. They are tabulated on a grid of
step 107° and evaluated between grid points by cubic Hermite interpolation, with the derivative w of Q and
the derivative w'(u) = (w(u — 1) — w(u))/u of w, which (3.14) gives on each interval [h,h + 1]. By (7.10),
every argument of w in the losses is below 1/¢(6), which is less than 40, since each quantity in (7.10) exceeds
1/36 for 1/9 < 6 < 1/8. On [1, 3], w has the closed forms

1 ~ 1+4log(u—1)

wu)=- (1<u<?2), w(u)

2<u<3),
" i 2Z<u<3)

and the tables agree with these formulas and their integrals to 10714, On [2,40), they satisfy (3.14) to
1.5 x 10712
In the first method, the integral over § in the two-dimensional losses (3.13) is evaluated exactly through

), since
%ﬂ)i:f ! iﬂ(lf‘)‘q). (10.1)
B B2 1—adp B
With a + 8 + ~ in place of « and ¢ in place of 8, (10.1) gives the integral over § in the four-dimensional
losses. For fixed (o, 3,7), the part of the d-range outside GU L is a finite union of intervals, and (10.1) is
applied on each of them. The remaining integrals are computed by composite Gauss—Legendre quadrature.
For the regions Dy, the a-axis is cut into 256 equal panels. For the regions Ej, each of the a-, 8- and ~y-axes
is cut into 16 equal panels. The panels are cut further at the points where a limit of integration changes its
formula, and at the points where a sum of some of o, 8 and v equals o, p or (, at which the part of the
d-range in G UL jumps. On the v-axis, they are also cut where the J-range becomes non-empty and where
a limit of § meets (1 — a — 8 — v)/2, the value at which the argument of w equals 1, since the integrand in

~ has a kink at these points. Each resulting subinterval carries 10 Gauss—Legendre nodes.

In the second method, the two-dimensional losses are computed by nested adaptive Gauss—Kronrod
quadrature of the integrand itself [19], and their error estimate is that of the outer adaptive rule. The four-
dimensional losses are computed by scrambled Sobol quasi-Monte Carlo integration [17, 22], with w read
from its table instead of through Q and with the sets G and L tested pointwise. Each of these losses is the
mean of 8 estimates, from independent scramblings of 22° points each. The error estimate, which measures
the spread of the 8 estimates, is the square root of the sum of the squared deviations of the 8 estimates from
their mean, divided by (8- 7)'/2.
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Table 3 lists the losses at § = 0.1129. The first method gives ®(0.1129) = 0.9990033, and the second
gives 0.9990044. At 6 = 0.119, the decomposition of Harman and Lewis, with the regions derived from the
lemmas (Remark 27) and with the cut by which Harman and Lewis exclude a subset of G from the region
of 7 (Appendix E), gives the total 0.9425585, below the bound 0.943 of Harman and Lewis [10, p. 134].
Table 7 compares the losses with the bounds of Harman and Lewis region by region. Table 4 lists the values
of # at which the total loss equals 1 as the groupings are added. Figure 2 shows, as a function of 6, the total
loss of the decomposition of each row of Table 4. At each of the 61 values of # in the figure, the total loss
decreases down the rows of Table 4.

Region First method Second method Error estimate
D, 0.3201605 0.3201605 < 10712
D2 0.3437028 0.3437028 < 10712
Dy 0.2132922 0.2132922 < 10712
Ds 0.0480512 0.0480512 < 10712
Ds 0.0684437 0.0684437 < 10712
Ez\ (GUL) 0.0000098 0.0000098 8.8 x 10710
Er\ (GUL) 0.0010206 0.0010207 6.8 x 1078
Es\ (GUL) 0.0006199 0.0006199 4.4 x 1078
Er\ (GUL) 0.0004451 0.0004451 8.5 x 107°
Eo \ (GUL) 0.0002727 0.0002726 5.6 x 1078
Eio\ (GUL)  0.0028858 0.0028870 1.0 x 1076
E;1 \ (GUL)  0.0000988 0.0000988 1.1 x1078
$(0.1129) 0.9990033 0.9990044 1.0 x 1076

Table 3: The losses (3.13) at § = 0.1129 of the regions of Table 2, with G U L removed from the regions
Ex, computed by the methods of Section 10 and rounded to 7 decimal places, and the error estimate of the
second method. The row ®(0.1129) gives the sums of the unrounded losses and the square root of the sum
of the squared error estimates.

Decomposition 6 with total loss 1 1/2 — 20
Harman and Lewis 0.1167825 0.2664351
with R 0.1141073 0.2717854
with R and G 0.1139312 0.2721376
with R, G and P 0.1132049 0.2735902
with R, G and L 0.1128554 0.2742892

Table 4: The value of 6 at which the total loss equals 1, for the decomposition of Harman and Lewis with
the regions derived from the lemmas (Remark 27) and with the cut by which Harman and Lewis exclude
a subset of G from the region of ¢7 (Appendix E), computed by the first method of Section 10. Each row
labelled “with” adds to this decomposition the groupings on the regions it lists. The column 1/2 — 20 gives
the exponent in {,/p} < p~(1/2720),

The computation is not carried out in interval arithmetic, so its accuracy is checked by refining the
quadrature of the first method and by comparing the methods. The finest rule tested for the first method
has 512 panels on the a-axis for the regions Dy, 32 panels per axis for the regions Ey, and 12 nodes per
subinterval. Between the rule used for Table 3 and this finest rule, the losses at § = 0.1129 change by at
most 2.5 x 1079, and their total by 2.6 x 10719, The 8 coarser rules tested have 6 to 12 nodes per subinterval
and 2 to 16 panels per axis for the regions Ej, with 16 times as many panels on the a-axis for the regions Dy,.
As the number of nodes per subinterval times the number of panels per axis grows from 12 to 192, the total
differs from that of the finest rule by amounts that decrease from 8.7 x 1076 to 6.8 x 10~!'. The unrounded
totals of the methods differ by 1.2 x 106, which is 1.1 times the unrounded error estimate of the second
method in Table 3. Both quantities come almost entirely from E;o. The gap 1 — 0.9990033 = 9.967 x 10~*
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Harman and Lewis

1.10 - — with R
——— with R and G
with R, G and P
1.05 4 with R, G and L

1.00

total loss

0.95 1

0.90

0.112 0.113 0.114 0.115 0.116 0.117 0.118
0

Figure 2: The total loss of each decomposition of Table 4, computed by the first method of Section 10 at 61
values of 6 from 0.112 to 0.118. The dashed line marks the total loss 1, and the dots mark the values of 6
in Table 4.

exceeds this difference, this error estimate and the change 2.6 x 10710 of the total from the rule of Table 3
to the finest rule by a factor of more than 800.

Proof of Theorem 2. Let 6 = 0.1129. By Table 3, ®(0) < 1, so Lemma 16 gives S(A, X'/2) > X7 /log X =
X1/249 /1og X by (2.1), uniformly in . By (2.2) and (2.5), S(A, X'/?) is the number of Gaussian primes in
A, so this is (1.3). O

With the polytope P of (3.12) in place of L (Definition 4), the first and second methods give ®p(0.1133) =
0.9978243 and 0.9978250, so the same argument gives (1.3) with § = 0.1133. As in the proof of Theorem 1,
(1.2) then gives {\/p} < p~?-?7 for infinitely many primes.

11 Conclusion

Of the total loss 0.999 at # = 0.1129, the regions Dy, Dy and D4 account for 0.877. On these regions, after
Buchstab’s identity (2.7) introduces a third prime r < ¢, no factorization of pgr satisfies the conditions (3.2)
of the linear estimate once |r|? is close to |g|2. We have not found another grouping that gives the sums
over these regions asymptotic formulas. A further improvement may need new arithmetic information for
the Hecke characters A™ of (A.1). Harman and Lewis [10, p. 134] call the improvement of their arithmetic
information “the more interesting challenge”. The numerical evaluation of the losses could be made rigorous
by interval arithmetic.

Data availability

The code that computes every number in Section 10, Table 7 and Appendix D, and the data of Figures 1
and 2, are in the folder Code of the repository https://github.com/xuda-ye-math/Gaussian-Prime. The
code is written in Julia 1.13, except for a Python script that draws the figures, and the file Manifest.toml of
the folder fixes the versions of its Julia packages. The file README.md of the folder describes each computation
and its output.
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A Proofs of the linear and bilinear estimates

This appendix derives Lemmas 1 and 2 of Section 4 from the arithmetic information. It begins with standard
facts, which Sections 5, 7 and 9 and Appendices B and C also use. Lemma 17 bounds sums over Gaussian
primes, and Lemma 18 counts Gaussian integers and their divisors. Lemma 19 is the truncated Perron
formula used in the proof of Lemma 2.

Lemma 17 The number 7¢(y) of Gaussian primes of norm less than y satisfies mc(y) = Li(y)+O(y exp(—c(logy)/?))
for some ¢ > 0, where Li(y) := f2y dt/logt. Consequently, for fired B > 0 and with H of (5.1), the following
hold once X is large.

(a) For firted k > 1 and every Y > p,

Z ]2 < 2K -
HlogY
Y<|w|2<Y (14+1/H)"

(b) X imjz<y || =2 < loglogy + C fory > 3.

(c) For fized ag > 0, uniformly for ag < a < b <1,

2, == logg +O(loglx>‘

Xog|w|2< X

(d) mc(y) — ma(y/2) = (1 + O(1/logy)) y/(2logy).

Proof. For a € {1,3}, let w(y; 4, a) be the number of rational primes ¢ < y with £ = a (mod 4). A Gaussian
prime is 1 + 4, a prime of norm ¢ for a rational prime £ = 1 (mod 4), or a rational prime ¢ = 3 (mod 4),
of norm ¢2. Hence ng(y) = 2m(y;4,1) + 7(y*/?;4,3) + O(1). The formula for 7¢(y) follows by partial
summation from the prime number theorem in progressions modulo 4 [23, Section 1.2], in the form

Z logl = g(l + O(exp(—c’(logx)3/5(log logx)_1/5))), a € {1,3},
(<z, (=a (4)

with a constant ¢’ > 0. Statements (b) and (c¢) follow by partial summation, and (d) follows from the formula

for 7 (y) and
voodt 1 Yy
Li(y) — Li 2=/ o= +o ’
(y) (y/) /2 log t ( <logy>>210gy

since 1/logt = (1+ O(1/logy))/logy for y/2 <t < y. In (a), the main term contributes

nlog(l—f—l/H)) c K

1 (1 < :
s\t T gy HlogY

and the error term contributes O(exp(—c(logY)/?)). Since Y > pu, (2.1) gives logY > (log X)*/®, so
H = (log X)? < (logY)®B/4. Hence the error term is smaller than 1/(HlogY) for all Y > p once X is
large, and (a) follows from k > 1. O

Lemma 18 (a) For M > 1, the number of Gaussian integers v with X/(2M) < |v|*> < X/M is at most
CX/M. In particular |B,| < CX/|u|?, since the cofactor n/u of each n € B, satisfies X/(2|u|*) <
n/uf? < X/|uf®.

(b) Fork>1andY > 2,

ST dm)* < Y(log ), ST dn)*in|7? < (log V)"

[n[2<Y In|2<Y
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(c) A Gaussian integer n has at most d(n)"~' ordered factorizations into h factors.

Proof. For (a), the count is 0 if X/M < 1, and 7X/(8M) 4+ O((X/M)*/? 4 1) otherwise. For (b), d is
multiplicative with d(zw®) = e + 1. So, by Lemma 17(b), the sum of d(n)*|n|~2 is at most

[T Y+ DMl <exp( D (25wl + Culwl ™)) < logV)*,

| [2<Y €20 |w[2<Y

and the sum of d(n)* is at most Y times the sum of d(n)¥|n|=2. For (c), the number dj,(n) of ordered
factorizations satisfies, by induction on h,

dp(n) = Zdh,l(n/u) <d(n)" 1L,

uln

Lemma 19 Fory >0,c>0 and Ty > c, let
1 c+iTy dS
I(y) == o Y —.
T c—iTo S

Then |1(y)| < y°log(3Tv/c), and |I(y) — 1[y > 1]| < y°/(7To|logy|) fory # 1.

Proof. The bound |I(y)| < y©log(3Ty/c) follows from

y° 3T
11(y)| < =2 log < log =2

Sor o @+ )2 c ’

y° /TO dt ye . To+ (A +TF)Y?
C

since Ty > ¢ gives To+ (2 +T¢)"/? < (14+/2) Ty < 3T,. For y > 1, move the segment to Res = —K and let
K — oco. The residue at 0 is 1, the integral over Re s = —K tends to 0, and each horizontal side is at most

1 ¢ y©
/ yrdu = ———.
27Th 2nTy logy

—00

For y < 1, move the segment to Res = K, where there is no pole, and obtain the same bound with |log yl.
O

For an integer m and a Gaussian integer n # 0 put, as in Harman and Lewis [10, p. 122],
n \4m
A" (n) = (—) . (A1)
n]

This is a Hecke character. It is unchanged when n is multiplied by a unit, so it is well defined under the
identification of associates fixed in Section 1, and it is completely multiplicative. Since A™(n) = etimaren it
detects the argument of n modulo 7/2. Lemmas 20 to 23 below are quoted without proof from Harman and
Lewis [10]. The linear estimate, Lemma 1, rests on Lemmas 20 and 23, and the bilinear estimate, Lemma 2,
on Lemmas 20, 21 and 22.

Lemma 20 (Harman and Lewis [10], (12)) For every T > 1 and all non-negative weights a,
2 1 o
S 0o 2 Y0+ 0(E Y0 +0(x 0 3T
neA neB neB m=1 neB

Harman and Lewis state Lemma 20 for any weights and note that it follows from Baker [2, Chapter 2].
It is quoted here for non-negative weights, the only ones used.
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Lemma 21 (Harman and Lewis [10], Lemma 1) For T > 1, N > 1 and all coefficients f(n),

T 2 ,
SIS s <@ N Y AR i)=Y ),

m=1 |n|2<N [n|2<N argu=argn
/ B iy . . .
where Y runs over the primitive Gaussian integers n = x + iy, ged(z,y) = 1.

Lemma 22 (Harman and Lewis [10], Lemma 4) Let R, Ty > 2, 1 < m < T and |t| < Ty, and suppose
that
T > S > R+ exp((log(TTy))"?).

Then log )

2itym _ _
> Il < S e 2(log(TTy))7/10

R<|w|?2<S
Lemma 21 is Coleman [5, Lemma 6], and Lemma 22 rests on the zero-free region of Coleman [4].

Lemma 23 (Harman and Lewis [10], Lemmas 6 and 7) Let A >0, T := X?(log X)*, and let ay, b,
be divisor-bounded.

(a) IfU < X"~ then

i ‘ DD X"(ut)‘ < X(log X)™4.

m=1 u~U uteB

() IfULXu™ Y, VLS XPu and UV < XY™t then

Z ‘ Z Oy Z b, Z )\m(uvt)‘ < X(]OgX)—A.

m=1 u~U v~V wuteB
Here t runs over all Gaussian integers with the stated product in B.

Remark 24 in Appendix E explains the conditions ut € B and uvt € B of Lemma 23.
Proof of Lemma 1. With ¢, := Zv‘n ¢y =0,

ZCU|AU|= de Zc’n:ch\ByL

neA neB

Apply Lemma 20 with a,, = ¢, and T = X7 (log X)“. By Lemma 18(a) and (b), its error term O(T~* 3", 5 ch)
is at most

X 7(log X)~4 - C'Xz:cv|v|72 < X7 (log X)C~4.

The error term of Lemma 20 with the sums over \™ is

X~ Z ‘ch Z )\m(vt)‘.

m<T v vteB

Under (a), after the range of v is split into O(log X) dyadic ranges, it is < X7 (log X)!~4 by Lemma 23(a).
Under (b) it is < X7 (log X)~™4 by Lemma 23(b), with v as its variable v and U’ as its V. Since A is
arbitrary, the lemma follows. (Il

Proof of Lemma 2. The proof separates the variables by Lemma 19 and bounds the resulting sums by
Lemmas 21 and 22.

Fix A, let T = X?(log X)* be as in the proof of Lemma 1, and let E,, be the sum of a,b,A\™(uvw) over
the triples counted in (4.1) with £ = B. As in the proof of Lemma 1, it suffices to show that > 7 |E,| <
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X(log X)~A. A triple occurs only if X/(8UV) < |w|®> < X/(UV). Put Z; := max(Z;, X/(8UV)) and
Zy :=min(Zy, X/(UV)), and assume that Z] < Zj, since otherwise E,, = 0. Then

Ep= > > awb A (uvw) 1[X/2 < jww]* < X],
u~U, v~V Z1<|w|?<Z)

and each triple in this sum has |uvw|? < 4X.
For N = |uvw|? < 4X, write

1[X/2 < N < X] = 1[X/N > 1] — 1[(X/2)/N > 1],

and apply Lemma 19 to y = Y/N for Y € {X, X/2}, with ¢ = 1/logX and T, = X3. Since N > 1
and Y < X, y° < X¢=e If |[N-Y| > 1/2, then |logy| > 1/(16X) by the mean value theorem, since
N,Y < 4X. For these N, Lemma 19 bounds the error |I(y) — 1[y > 1]| by 16eX/(nTy). At most 2 integers
N have [N — Y| < 1/2, and for them the error is at most |I(y)| + 1 < elog(3Tp/c) + 1.

Each N < 4X is the norm of at most d(N) Gaussian integers, since each of them divides N, and by
Lemma 18(c) each of these is the product of at most d(IN)? triples, each with weight a,b, < d(N )20O As a
Gaussian integer, N has norm N? < 16X2, so Lemma 18(b) with Y = 16X? gives d(N)" < X?(log X)
that is, d(N) <, X3/, for every fixed h > 1. So all these quantities are X°"). Summed with these weights
over the at most 4X integers N with |N — Y| > 1/2 and the at most 2 others, the errors of Lemma 19 add
up to
16eX

Lo

4x - x°W . —— +2x°W (elog(3Tp/c) + 1) = O(X°V)  (Tp = X?).

Since A\ is completely multiplicative, Lemma 19 then gives
1 [etiTo ds
E,= 51 . (X° = (X/2)*) Fp(8)Gm(s) P (s ) — +0(x°W), (A.2)
c—11lo
where

)i= Y @AW, Gals) = ) bAT )T, Pals) = Y A (@)w] 7

u~U v~V Z1<|w|2<Zy

On the line Res = ¢, | X® — (X/2)%] < 2e, and f_T%o le +it| =t dt < log X. So, summing (A.2) over m < T
and using 7X°1) = X+o(1) | we obtain
> |Em| <log X - sup Y |Fp(c+ it) Gu(c+it) Pr(c+ it)]| + X7HW)., (A.3)

m<T [t<To m<T

By Cauchy’s inequality, the sum over m in (A.3) satisfies

S [Eunle+it) Guule + it) Pau(e 4 it)| < max [Pr(c + i) <Z|F (c + it)] ) (Z|G c+it)| )/2

m<T m<T m<T

To bound ), 1 |Fm(c + it)|*, apply Lemma 21 with the norm bound 2U and with the coefficients
f(u) = ay|u|=2% for u ~ U and f(u) = 0 otherwise. A Gaussian integer u with argu = argn, n primitive, is
u = kn with k a positive rational integer. So |fi(n)| < 3, d(kn)“°, where k > 1 runs over the integers with
k%n|? € [U,2U). This sum has at most (2U)'/?/|n| terms. By Cauchy’s inequality and d(kn) < d(k)d(n),

Z |f1(n @U)Y2 > d(k)>* P Y d(n)*@n| (A.4)

k22U [n|2<2U/k?

The sum of d(n)2°°|n|~!in (A.4) is < (U/k?)/?(log X )€, by Lemma 18(b) and partial summation. Inserting
this bound in (A.4) gives

2Co
Zlfl P < UlogX)? Y d(kz)c .

k< (2U)1/2
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The sum over the rational integers k is at most a product over the rational primes ¢ < (2U)1/ 2;

I Dg+1)"%es <« (log X)

£<(2U)1/2 g20

94Cq

Here d(¢9) < (g + 1) for every rational prime ¢, and > i< 1/€ < loglogz + O(1) follows from the prime
number theorem modulo 4. So Zl |f1(n)]? < U(log X)¢, and, since T' < C1U(log X)#, uniformly in
|t| < TO)

> |Fmlc+it)]* < (T + U)U(log X)° < U?(log X)*+€.

m<T

The same bound holds for 3 7 |Gy (¢ + it)[> with V in place of U.
It remains to bound P,,(c + it). The weight |zz|~2¢ in its terms is decreasing in |ww|? and is at most 1.
By partial summation, |P,,(c + it)| is at most 2 times the largest value, over Z € [Z], Z}], of

Z )\m(w)‘w‘—%t

Z!<|w|2<Z

Each of these sums is the difference of the sums over 2 < |w|? < S for S = Z and for S = Z]. Lemma 22,
with —t in place of ¢, applies to them with R =2, [t| < Ty and 1 < m < T, once

T > S > 2+ exp((log(TTp))*?).

The condition S < T holds, since S < Z5, and the hypothesis U,V > X?/C; of Lemma 2, (2.1) and § < 1/6
give

X g
<y S C?X? < X(log X)) =T.
For the lower condition on S, the bounds S > Z| > Zi, the hypothesis Z; > u*/2 of Lemma 2, (2.1),
log(TTy) < 4log X and 4*/° < 3.1 give

S

N

4
§ > 1 > 2.4 exp((log(TTy)) %),

The function S exp(—log S/(2(log(T'Tp))7/1?)) increases with S, and Z, < X/(UV). Since log Z > log(u*/2),
log(TTy) < 4log X and 47/10 < 8/3, once X is large

log Z}, 4(log X)*/5 —log2 _ 3 11
> > Z(log X)¥/10.
20oa(T o))/ = 2~ 47/0(log X)7/10 = 1198 %)

So Lemma 22 gives, uniformly in |¢| < T,

) X 3 1/10
$2¥|Pm(0+lt)| < Wexp(—z(logX) )

Collecting the bounds in (A.3), we obtain

Z |E,| < X (log X)A+C+! exp(—%(logX)l/m) + X7t « X (log X)~4.

m<T
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B Proofs of the sieve lemmas

This appendix proves Lemmas 3, 4 and 5 of Section 4 and Lemma 7 of Section 5. In the proofs of Lemmas 4
and 5, Lemma 3 treats the sifting by the primes of norm below u*, and Lemma 2 is applied only to primes
of norm at least u?/2. As in Section 5, short intervals remove the conditions that couple the variables.

Proof of Lemma 3. The proof is Brun’s pure sieve: the inclusion—exclusion over the primes of norm below
20(u) that divide the cofactor is truncated after the divisors with M prime factors, and the divisors with
M + 1 prime factors bound the error of the truncation. Here M := |(go/4)(log X)*/®] — 1. Once X is large,

5iaogX)l/f) <M+1< io(logX)US,

so that p*M+1) < Xe by (2.1) and M + 1 > e?loglog X. For z > 1, let D*(2) and D~ (2) be the sets of
products of an even and of an odd number, at most M, of distinct primes of norm less than z, with the
empty product 1 in DT (2), and let D°(z) be the set of products of M + 1 distinct primes of norm less than
z. We first show that >, ¢,S"(Ey, 20(u)) has an asymptotic formula if, for each D € {D*,D~, D}, the sum
of ¢,|Eup| over u and over D € D(zp(u)) has one.

For u | n, let k be the number of distinct primes of norm less than zg(u) that divide n/u. Exactly (lz)
products of 4 distinct primes of norm less than zo(u) divide n/u. So every n € &, satisfies

M

#{D € D" (29(u)) : D | nju} — #{D € D (20(u)) : D | n/u} = Z(l)i<l,€>7

. (3
=0

#D € Do) D= ().

The alternating sum is 1 for k = 0, that is, for the n counted by S’(€,, z0(u)). For k > 1
M
[k mlk—1
—D)i("7) = (-1
> (5) =ty

k (kl;jl) and (k]\_dl) =0 for £ < M. Summing

and this is at most (leu) in absolute value, since (M]fH) = 34T

over n € &,, we obtain

S'Enzo(w) = Y f&unl= DY €l +AuE),  AEI< DY €l (B

DeDH (z0(u)) DeD~ (z0(u)) DeDO(z0(u))

Multiply (B.1) by ¢, and sum over u. By assumption, the sums of ¢, |A,p| over u and over D € DF(zg(u))
are 2/(mX7) times those for B, up to O(X7 (log X)~4). So

ZC“ (Ay, z0(u)) — ;JZCUS'(Bu,zO(u))

- e, (AH(A) - W;a AU(B)> +O(X7 (log X)~4).

The bound for |A,(€)] in (B.1) and the assumption for DY give

Sa(a- mam)[<Xa S (wlt lBw)

u DeDO(z0(u))

4
:ﬂXUZcu > |Bup|+O(XT(log X)~*).

w  DEDO(z0(u)

Every D € D%(zy(u)) is a product of M + 1 distinct primes of norm below p*, and, since loglog u* =
oglog X +1log4 by (2.1), Lemma gives »_ .1 || 72 <loglog X once X is large, so
4/5)loglog X 4+ log4 by (2.1), L 17(b) gi lwl2<p 2 < loglog X Xisl

Z |D|72 < (IOgIOgX)MJrl

M +1)!
DeDO(z0(u)) (M+1)
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By Lemma 18(a) and (b),

(log log X )M+1 eloglog X
Seo 3 Bl < OX Dol GE N < X000 (T
u DeDO(20(u)) ’

since M +1 > e?loglog X. Finally e~ (M*1 < exp(—(o/5)(log X)'/?) is smaller than every power of
1/log X. Hence

M+1
) < st e

ZC“ (A, 20(u)) = XJZC“ (Bu, 20(u)) + O(X7 (log X)~4).

It remains to show that the assumption holds in cases (a) and (b). Every D € D(zy(u)) has |D|* <
pHMED < X0, In case (a), the coefficient 5, DeD(zo(uy) Cu Of v is non-negative, at most d(v)“*,

and supported on |v[? < X"u~!, so Lemma 1(a) applies. In case (b), 2z is constant. The products
u' = usD with b,, # 0 and D € D(z) have |u'|? < 2U3X*®°, and the coefficient Y —usD, DED(20) Dus
of u' is at most d(u)“°*!. So ' lies in one of the O(log X) dyadic ranges u' ~ U’ with U’ among
Up X0, Uy X0 /2, U X%0/4,.... On each of them, the bounds on U and U Uy in (b) give U’ < XPu~1
and U1U’ < X¥p~ 1, and Lemma 1(b) applies with u; and ' as its variables u and u'. O

The proofs of Lemmas 4 and 5 confine primes to the short intervals Jy of (5.1), with the indices A,
defined after it. The following estimates bound the terms in which the norm of a prime lies in the short
interval of a level or of another prime. For an index A put

wy = Yy =7 (B.2)

If £401 > pt, then (5.1) gives €y > p*/2 > u, so Lemma 17(a) gives

2

wy < m (B.3)

In sums over A, the index runs over the X with J) N [1,2X] # (. By Lemma 17(b), >, wx < 2loglog X, so
(B.3) gives

4loglog X

2

E wy < ———————. B.4
A Eapa>pt ’ Hlog(,u4/2) ( )

Proof of Lemma 4. Buchstab’s identity (2.7) lowers the level I(n) to p?, where Lemma 3 applies. Fix
A, let C be such that 32, . an|n|™2 < (log X)¢ (Lemma 18(b)), and take B = A 4+ C + 3. Split the
support of (a,) into N7 := {n :Il(n) < p*} and N2 := {n : l(n) > p*}. On Nj, Lemma 3(a) applies with
cn = apln € Ni], the level 2o = [ and g9 = £/2, since X™7~° < X75/2=1. On N3, Buchstab’s identity
(2.7) gives

S,(gml(n)) = Sl(gnvu4) - Z S/(gnq7q)7 (B'5)

pi<lq2<l(n)

and the term S’(&,,u*) of (B.5), summed with a,, has an asymptotic formula by Lemma 3(a) with the
constant level u* and eg = /2. It remains to treat

= Z an Z S,(gnqu)- (B.6)

neNz  pigql2<i(n)

Two conditions couple n, ¢ and the cofactor: |¢|? < I(n), and the condition that every prime factor of
the cofactor is = ¢. For n € N3 let A(n) be the index with I(n) € Jy,). Then

1lg]* < i(n)] = 1[Ag < An)]+1[Ag = A(n)] L{|g]* < I(n)].
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Moreover, a prime factor @’ < ¢ of the cofactor with norm at least £y, has its norm in Jy_, so

0< S/(gnq,gkq) - S/(an,q) < Z |5nqw/|~

2
[’ [2€Jx,

By the splitting of 1[|g|> < I(n)], Xo(€) consists of its terms with A, < A(n) and its terms with A\, = A(n).

In each term with A, < A(n), the bound for S"(Enq,8x,) — 5" (Eng, q) replaces S'(Enq, q) by S'(Eng,&x,) With

an error of at most an Y- 2y, [Enger|- Each term with A, = A(n) lies between 0 and an|€yq|, since
q

S (Engs @) < |Engl. Grouped by A = A4, these bounds give

[20(8) = D MAE)] < Y0 (B () + BA©)), (B.7)
A

A

where

M)\(S) = Z an Z S/(gnmf)\)v

A(m)>X [q|2€dy, [q|2Zpt

RA(&):= > an > |Engl,

Am)=X  |q|?€Jx, lql*Zpt

2w D D [l

Am)ZX ql?€dx, lqlP2pt |w'[2€0x

R\ (&) :

Each of these sums has the form

Za"bv #{q : |q|2 € Jk7 |Q|2 2 H’47 nvq € 5}7
n,v

with n restricted to A(n) > A, A(n) = A or A(n) > A, and with v the cofactor of ng. For M), the coefficient
b, is the indicator that every prime factor of v has norm at least . For R) it is 1, and for R} it is the
number of primes of norm in Jy dividing v, which is at most d(v). If A(n) > X and |¢|> € J, then

20, X7

lq]? < &1 < 1+ 1/H)(n) < et

so (2.2) and (2.1) give
,_ X/2  X/2  X°
lv|* > > =—.
[ng|?2 = 2, X7 4C,
In addition, |n|? > X°/C) and |q|? > p*. After n and v are split into dyadic ranges n ~ U and v ~ V, which
have U > X?/(2C;) and V > X?/(8C)), Lemma 2 with n as its variable u, C; = 8C), Z; = max(&y, ut)
and Zy = {41 gives My, Ry and R) asymptotic formulas, uniformly in X\. Here Z; < Z, for the A with
Exy1 > p, and for the other A these sums vanish. At most 2H log X indices and O((log X)?) pairs of dyadic
ranges occur, so Lemma 2 is applied O(H (log X)?) times. With A+ B+ 5 in place of A in each application,
the errors add up to O(X " (log X)~4).
By (B.7) and the asymptotic formulas for the sums M},

2
TX°

Yo (A) —

> (Ra+ RY)(B) + X7 (log X) ™,

So(B) < Y (Ra+ R\)(A) +
N A

TX°

2
X

ZRA(B) < XZan\n|_2w>\(n), ZR’)\(B) < XZan|n|_2 Z w3,
A n A n

Ar Eap1>pt

and the sums over A equal times those over B up to the same error. Lemma 18(a) and (B.2) give

since p* < |g|? < &1 in RY. For n € Na, E(ny+1 > I(n) > p*. So, by (B.3) and (B.4),

log X)¢ loglog X
H (log X)4/5

ZRA(B)+ZR/>\(B)<< X( < X(log X)~4.
) A
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Hence ¥, has an asymptotic formula, and so does ), a,S"(E,,1(n)). O

Proof of Lemma 5. Buchstab’s identity (2.7) is iterated until the product of n and the primes it introduces
has norm at least X, and Lemma 4 is applied to that product. Fix A, let C' be as in the proof of Lemma 4,
and take B = A+ C +4. With Aj and M, as in the proof of Lemma 4, Lemma 3(a) applies on N with the
level | and gy = 6, since (2.1) gives

‘n|2 < X° :XT729 < XTfe,ufl.

On Na, (B.5) holds, and the term S’(&,, u*) of (B.5) again has an asymptotic formula by Lemma 3(a), with
g0 = 6. Tt remains to treat the sum Xy (€) of (B.6).

A chain of length i > 0 is a tuple p = (n,p1,...,pi,q) with n € Ny and primes p; > -+ = p; > ¢
of norm at least u*, such that the largest of these primes (p1, or ¢ if i = 0) has norm less than I(n), and
Inpy -+ pi|? < X9 for 1 < i’ < i. Write N(p) := np; ---p;q and q(p) := q. Let K; be the set of chains of
length 7, split into the exits IC?, with |[N(p)|?> > X, and the continuations K, with |[N(p)|> < X7, and
put

Ti(&) =Y anS (Enpya@) (= 1)

pEK;

The same sum over Ky is $o(€) of (B.6). For p € K, Buchstab’s identity (2.7) gives

S'(En)a) = 5" Envey i) = Y S Enge ).

q'<q, |¢'|?>p*

The map (p,¢’) — (n,p1,-..,0i,q,4q"), on the pairs that occur in these sums, is a bijection onto K,;11. Hence
Zi = Z? + Fz — Ei+1, where

S7E) = Y anS Enp)a@),  Fi(E) = D anS (Enep)r 1t

pek? PELT

A chain of length i has p* < |p1---pi|? < X7, so K; is empty for i > ipay := |o(log X)/®/4]. Hence, for
& = A and for £ = B,

Tmax

To =Y (1) + F). (B.8)
i=0
The primes of a chain are distinct and their order is forced, so a chain is determined by its product
and the set of its primes. The number of chains with a given product N is therefore at most d(N), and
every coefficient defined from chains in this proof is at most d(N)“°*! uniformly in 7. The sum F; is
Son ci(N)S'(En, pt), where ¢;(N) is the sum of a,, over the chains p € K with N(p) = N. This ¢;(N) is
supported on |N|? < X7, so Lemma 3(a) with g = 6 gives F; an asymptotic formula, uniformly in 1.
Let Cg := QC[U/GHQ. We claim that every p € K7 satisfies

X7 <IN <CpX™2 IN®)Plap) < CeX". (B.9)

Every exit has |np; -+ p;|? < X7 < |[N(p)|?, by the definition of a chain for i > 1 and by |n]? < X7 for
i =0. Since 1 < |nf> < X7, (2.9) and (2.10) give 0 < j(|[n|?) < /6. By (2.10), |n|? > Xo~-G(n)+10 g
(2.11) and the relation 7 = o + 26 of (2.1) give

T i(In|?
X )1/“(' DR _ G430/ G 42) ¢ x0/2,

2 —
#(Inf?) < (Xafwn\?m)e

The hypothesis I(n) < C; 2(|n|?) and (2.11) give
|n|2 l(n)j(‘"|2)+2 < C{(‘”‘ZH”QXT.

If |¢|2 < X7, then
|N(p)‘2‘q|2 = |np1 . p1‘2|q|4 < X0'+29 = X7
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If |¢|2 > X?, then every prime of p has norm greater than X?, so
1n|? X" < |npy - pi]® < X7 < \n|2X(j(‘"‘2)+1)9.
This gives i < j(|n|?). Every prime of p has norm less than I(n), so
V)2l < Inf? 1n) 2 < [nf? 1) ")+2 < G2,
It remains to bound |N(p)|?. Since |np; - pi|> < X7 and |q|? < I(n) < C;X30/2,
IN(p)|* < X7|q|* < C,X7F30/2 = ¢, X7 072,

Now confine the prime ¢(p) to short intervals. For p € IC? with A\yp) = A,

0< S Enp) &) — S Enpa®) < DY [Engpy=rl.

|’ |2€ TN

(z?(s)—chi,k(zv)s’(gjv,@) SRi(E),  Ri(€):=> > cir(N) > [Enal, (B.10)
A N A N

|w’\2€J,\

where ¢; (N) is the sum of a,, over the chains p € IC? with N(p) = N and A\yp) = A. By (B.9), every N
in the support of ¢; » and every chain p counted in ¢; x(N) satisfy

XOKINPSOpX™ 02 < X794 ¢, <lg(p)]* < CuXT/|N|?.

So Lemma 4, with the constant level &y, with 6/4 in place of ¢ and with Cg in place of Cj, gives each sum
YN CGA(N)S (En, &) in (B.10) an asymptotic formula.

For each A, the sum over N and @’ in R; is a sum (4.1) with N as its variable u, @’ as its prime w and
the cofactor v of N’ as its variable v. The norm of @’ lies in Jy, and &, > p*/2 since &x41 > |q(p)|* = p.
Since &x11 = (1+1/H) &y by (5.1), EIN|? < CgXT™ and 0 + 7 = 1 by (2.1), the cofactor has

X/2 X/2 Xx°

o > — > > 2
‘N| Entl (1+1/H)CEXT 3CEg

After N and v are split into dyadic ranges, Lemma 2 with C; = 6Cg, Z; = £, and Z3 = )41 gives this sum
an asymptotic formula, uniformly in .

The stage © consists of the sums E? and F;. Each stage has at most 2H log X indices A, at most log X
dyadic ranges of N and at most log X dyadic ranges of v, since X < |N|? < X7~%% and X?/(3CE) <
[v]2 < XT. So (B.8) and (B.10) express ¥ through at most 2H (log X)? applications of Lemma 4, at
most 2H (log X)? of Lemma 2 and 1 of Lemma 3 per stage, over at most (log X)'/> stages. These are
O(H(log X)'6/5) sums in all. With A+ B +5 in place of A in each, their errors add up to O(X7(log X)~4).

It remains to bound the remainders R;. By Lemma 18(a) and (B.2),

Tmax

ILICEESWAES DD [ Y ul
1=0

>0 p1>=->p; h=1 A Eap1>pt

where the factor wf\ comes from the primes ¢ and w’, whose norms both lie in Jy, and |¢|*> > p* gives

&x41 > pt. The sum of Hﬁz:l |pr| =2 over the tuples p; = --- = p; of primes of norm at most X is at most
(2loglog X)*/i! by Lemma 17(b), so the sum over i is at most (log X)2. With (B.4),

Zi‘f Ri( X (log X)“*2loglog X

—A
H(log X)/5 < X(log X)™4,
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and the asymptotic formulas for the sums R; give

Imax

ZR ) < X7 (log X)~4

Summing (B.8) term by term gives

2 T —A
Eo(A) — —~° So(B) = O(X7 (log X)~4).
Hence ¥ has an asymptotic formula, and so does ), a,S'(Ex,1(n)). O

Proof of Lemma 7. The proof compares ¥¢, tuple by tuple, with the sum of the pieces Px(E;yxa) of (5.5)
over the index vectors that satisfy all constraints. Fix A and take B = A+ 1. For a tuple w with |w;|? € Z;
for 1 < i <k, let A(w) := (Awy, .-, Aw,) be its index vector, so that w € T(A(w)). Let g.(A) :=1if A
satisfies a constraint ¢ and h.(A) := 1 if A straddles ¢, and let both be 0 otherwise. An index vector that
neither satisfies nor straddles ¢ has no tuple satisfying ¢, so

1C(w) = gc()‘(w)) + 1c(w) hC<A(w))7 gche = 0.

Let Ex(t) be the indicator that every prime factor of ¢ has norm at least the level y of (5.6). For
A = A(w) we have E(wo,t) < Za(t), and, by the paragraph after (5.8), the difference is at most the number
of prime factors of ¢ with norm in Jy for some X\ in the window W(X) of (5.7). All these indicators take
values in {0,1}. If [], gc(A) =1, then h.(A) = 0 and 1.(w) =1 for every c¢. Otherwise g.(A) = 0 for some
¢, and [[.1.(w) = 1 forces h.(A) =1 for this ¢, by 1. = g + 1che. So, for A = A(w),

]H 1.(w) =(w, t) ch A0 <3N + [T 9:0) (Eath) = E(e, 1) (B.11)

Let Ly be the set of index vectors that satisfy all constraints, and L. the set of those that straddle ¢, so
that []. g. is the indicator of Ly and h, that of £.. Multiply (B.11) by the indicator that @, ---wit € €
and |o;|? € Z; for 1 <i < k, and sum over the tuples © and over ¢t. By (5.3) and (5.5), this gives

Ze(€) = > Pal&im)| < EH(©), (B.12)
AELy

TE) =YD PAED+ D> D PAnE)

¢ AEL, AELO NEW(A)

Since B = A + 1, at most (2H log X)* = 2¢(log X)*“+2) index vectors have T(\) # 0 by (5.1), and
each window (5.7) has at most 2k 4+ 2 elements. Then (B.12) for A and for B, and the hypotheses with
A+ (k+1)(A+ 3) in place of A, give

where

e (A) -

2 5e(B) = o(E+(A) + —E+(B)) +O(X7(log X)~4),

TX°% X%
2
Et(A) = ?EJ“(B) +O(X7(log X)™4).
0
Since H = (log X)A4*! and (loglog X)* < (log X)*/5 once X is large, it suffices to show

X (loglog X)*

ET(B .
(B) < H (log X )4/5

(B.13)

By Lemma 18(a), a tuple =0 contributes at most CX/|wy - - - wg|? to Pa(B;1), and a tuple (o, ') at
most CX/|w ---wrw'|* to Py ,/(B). If X straddles ¢, then T(A) contains tuples with m.(w) < Z. and
tuples with m.(w) > Z.. Since each |ww;|? varies by at most the factor 1+ 1/H on T(A) and |e.;| < 2

)
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me (o) varies there by at most the factor (1 + 1/H)?*. So every tuple of T(\) has m.(wo) within the factor
(1+1/H)? of Z.. The sets T () are disjoint, so the sum of Px(B;1) over A € L. runs over distinct tuples,
each with m. (o) within the factor (1 + 1/H)?* of Z.. Choose i; with e.;, # 0. For fixed w;, i # i1, the
factor (14 1/H)?* on each side of Z, and |e.;,| > 1 confine the norm |w;, | to an interval [Y, Y (1+1/H)*),
with Y > p? since Z;, C [p*, X], and Lemma 17(a) bounds the sum of |z;, | =2 over it by 8k/(H log u*). Each
other variable contributes at most 3, o« v |w| =2 < 2loglog X, by Lemma 17(b). Since log u* = 4(log X)*/5
by (2.1), the sums over L. in ET(B) satisfy

8k (2loglog X )k~ X (loglog X)*
B;1) < CX .
;)\; e Z Hlog pu* < H(log X)*/5

In the sum over Ly, for fixed A, the norm of @’ runs over an interval [Y/,Y'(14+1/H)?**2) with Y’ > p*/2
by (5.8), and Lemma 17(a) bounds the sum of |@’|~2 over it by (4k+4)/(H log(*/2)). The remaining sums
over T(A) add up, over all A, to at most (2loglog X)*. So

Ak + 4 X (loglog X)*
Z Z Pa(B) < CX ————7 (2loglog X)* « =
; T

AELO NEW(N) Hlog(ut/2) H(log X)

and with the bound for the sums over L. this gives (B.13). O

C Discarded sums as integrals

This appendix proves Lemma 15, which the proof of Lemma 16 uses to bound the discarded sums over B.

Proof of Lemma 15. We first count tuples (wy,...,wk) with a free prime wy, restricted only by
wo--wrr € B. Let K’ > 1, and let R’ € RX be bounded, with boundary of measure 0, and with

y; > c¢1 and Zfil y;i <1—c; on R'. We claim

X dy
# (WQ7...,WK’)Zy(wlw"ﬂw[(’)eRl, wO~..’WKIEB = / 7 +0(1) .
{ J 2logX( ROy1 ey (L= Yo i) )
(C.1)

For fixed w1, ..., wx with Hfil |i? < X171, Lemma 17(d) gives the number of g as

X X B X
7TG(Hf{_ﬁ Iwz-IQ)_7T (2H Iwzl2)_(1+ "y 2112, lwif? log (X/ TI.Z, wil?)

So the number of tuples in (C.1) is

X B l[yER/]

1 1)——— F / 2 F(y) = —/—— 1.

(+olgy 3 P [[l=l? P = e
W1, Wit 1= =3

Let mx be the measure on [cy, 1] that gives mass || 2 to the point log |w|?/log X for each prime @ with
X < |w|? < X, so that

K/
> P me) [l ? = [ Fange.
=1

W1y Wt

By Lemma 17(c) with ag = ¢, the m?}K/—measure of every product of intervals Hfil[ai, b;) with ¢; < a; <

b; < 1 tends to Hfil log(b;/a;), its mass under Hfil dy;/y;. The function F' is bounded and continuous
outside the null set OR’, hence Riemann integrable: there are step functions F_ < F < F. on finite grids

42



of such products with [(F} — F_) Hfil dyi/y; arbitrarily small. The integrals of F_ and F against m%™ /

tend to their integrals against Hfil dy;/y:, and
/ F_dm%K' < / Fdm%K' < / Fy dm%K'

So [ Fdm%X tends to fFHfil dy;/yi, the integral in (C.1), and (C.1) follows.
Now consider the sum in (9.2). For each tuple =o in its range, S(Bw, ..y, Wk ) counts the cofactors
t=w) - -wj, with wg S @] <--- g wj, and @y ---wit € B. Here h < 1/¢1, and t # 1 because

K
[[I=: < x'7 < x)2.
i=1

Every element of B is the product of O(1) tuples (zo, @], ..., w}), since all their primes have norm at least
X, So the number of tuples in which a prime p is repeated is at most a constant times the number of
elements of B divisible by p? for some prime p with |p|?> > X, and, by Lemma 18(a),

> IBel< D] OX o xte,

4
pl2>Xe1 plisxes P

A prime distinct from a prime p and of the same norm is the complex conjugate of p, and their product has
norm |p|#, so the same bound holds for the tuples that contain distinct primes of equal norm. The remaining
tuples have distinct norms. For them, yx < y; on R gives |wg|? < |@;]?, so the condition wx < w@; (i < K)
of (9.2) holds. Their number is 1/h! times the number of such tuples in which @/, ..., w) are each > wg
and in any order.

Apply (C.1) with K’ = K + h — 1 and the free prime wy = wj, to the region

K h—1
;7,:: {(y,l'l,-.-,xh_l):yER, x7,>yK (1<Z<h_1)7 1_Zyl_zxz>yl(}a
i=1 i=1

where x; := log |@}|?/log X is the exponent of @/ for 1 <i < h — 1, and put

K h—1
l‘hl:l—g yi_g T
i=1 i=1

Since |y - - wit|* € [X/2, X), the condition z;, > yx of R}, is the condition @}, = wk in exponents, up to
O(1/log X). So the number of the tuples with wj, ..., w; in any order lies between the values of (C.1) for
the regions obtained from R}, by moving the boundary of this condition by a fixed amount below ¢;/2 in
either direction. These regions satisfy the hypotheses of (C.1) with ¢;/2 in place of ¢;. The integrals over
these regions tend to the integral over R}, as the amount tends to 0.

The integrand of (C.1) on R}, is (y1 -+~ yx) ™! H?Zl 1/z;, and R}, imposes z; > yx for 1 < i < h. Both are
symmetric in x1, ..., Zp, and so is the measure dx; - - - dxp_1, since exchanging x; and x; for ¢ < h changes
(x1,...,2p—1) by an affine map of determinant —1. So 1/h! of the integral over R} is the integral over the
subset with z7 < ... < zp. Hence the sum in (9.2) is

K
QI(EX(Ag(l_;yi§ yK)ﬁ-l—o(l)),

where

s =3 [ M2 (w-Yw)

h>1 SSTho1SW—22, 0, Ti oy i<h

It remains to show that g(w;b) = w(w/b)/b, since then the integrand g(1 — Efil Yisyk)/(y1 - yK) s
that of (9.2). The term h = 1 of g(w;b) is 1/w for w > b. For h > 2, the smallest coordinate z; lies in
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[b,w/2], and the other coordinates x5 < ... < xp are at least 21 and sum to w — x1, so they give the term
h—1 of g(w — x1;21). Hence

w/2 -
g(w;b>=$+/b gw-z0) T w0, gwh)=0 (w<b) (C2)

For w > b, put w((w — z)/x)/z in place of g(w — x;x) in (C.2). The substitution z = w/(v + 1) and then
(3.14) at u = w/b give

L [T B L [ ) = Lu(Y),

so w(w/b) /b satisfies (C.2). The functions g(w;b) and w(w/b)/b both vanish for w < b, and (C.2) determines
them by induction on [w/b], since (w—z)/x < w/b—1. So g(w;b) = w(w/b)/b, and (9.2) follows from (9.1).
U

D Inequalities used in the decomposition

Table 5 lists the inequalities between the parameters (2.1) that the decomposition uses, directly or through
the lemmas of Sections 4-6. Each inequality of a row is equivalent to the positivity of the quantity of that row.
The quantities are linear in 6 and non-negative at § = 1/9 and 6 = 1/8, hence positive for 1/9 < 6 < 1/8.

E Comparison with the argument of Harman and Lewis

Table 6 lists the points where this paper adds to, or differs from, the argument of Harman and Lewis [10].
The paragraphs and remarks after the table give the details, in the order of the table.

Remark 24 Harman and Lewis print, in their (27) and (28), the conditions ut € A and uvt € A, here
written in the notation of Lemma 23. The proof of their Lemma 6 selects the norm range by the factor
(X/u?)*(1 — 27%) in a Perron integral of the Hecke L-function L(s,\™) of Harman and Lewis [10, (19)],
with mo condition on the argument, and the proof of their Lemma 7 proceeds in the same way. So the
conditions are ut € B and uvt € B, which is also the form needed in Lemma 20. Their stated bound is Xn,
where n = (log X)™* with A arbitrarily large [10, p. 120]. This bound holds for every A, since the proofs of
their Lemmas 6 and 7 save a power of . The hypothesis 0 > 1/14 of their Lemma 7 holds throughout this

paper.

Remark 25 Harman and Lewis [10, Lemma 5 and (30)] state the bilinear estimate for U,V > X7 and
UV < Xp~t, with the prime w restricted only through the condition uwvw € . After Perron’s formula, the
prime in their proof [10, p. 126] runs over the norms |w|?> < 4X/|uv|?, and the proof applies their Lemma 4,
which is Lemma 22, with |t| < X and S < 4X/(UV). As stated, Lemma 22 then requires

S > exp(((1+ o) log X + Aloglog X)*/?),

and this lower bound is about u'-3. This requirement is not met when UV is close to X =t

within the range of Lemma 22: its prime has norm at least u*/2.

. Lemma 2 stays

Harman and Lewis invoke a fundamental lemma of sieve theory in the proofs of their Lemmas 8, 9, 11
and 12. Lemma 3 states the form used in this paper, at levels up to pu*, and Appendix B proves it by Brun’s
pure sieve.

Lemmas 8, 9 and 10 of Harman and Lewis [10] give the sums ) a,S(&y,,1(n)) asymptotic formulas, and
Lemmas 4 and 5 and Corollary 6 prove these formulas. The proofs of Harman and Lewis apply the bilinear
estimate with a prime of norm down to u, while Lemma 2 keeps the prime at norm at least u*/2. For the
prime ¢ of the first Buchstab step, they remove the condition |¢|? < I(n) by Perron’s formula [10, p. 128],
and the proof of Lemma 4 removes it by short intervals. Their Lemma 9 iterates Buchstab’s identity (2.7)

44



Quantity

Inequality and use

Value at 8 = 0.1129

6 —1/10
1/8—6
(1-86)/3
1/6 — 6
20— 1/6
30/2 —1/12
(3 —220)/12
(1+66)/12
(1-260)/6
(140 — 1)/6
(5 — 346) /24
(260 — 1)/24
(7 —226) /24
(1-176)/3
(466 — 5)/12
(580 — 5)/24
(106 — 1)/12
(100 — 1)/6
(1—26)/24
(
(
(

11 — 826)/36

1—26)/12
146 — 1)/9
(466 — 5)/24
50/2 —1/4

50 —1/2

176/5 — 3/10

210/5 —2/5

30/2 < 1,0 — 30 < 0; Lemmas 12 and 13

7/5 < 0 — 260; Lemma 13

v+p<1,2p<7; Lemma 9, case (b) fails in Ranges 4 and 5
20 < 0,7 < 20,1/3 < 0; Lemmas 2 and 9 to 13, Range 1
o—0<1/3; j(X*) =0 in Range 2

o< (1/3+7)/2; PQ > X? in Range 2 and on R
2 —1/3 <v, p<1/3; PQ?> < X” in Range 2, 3 <
(—1/3 < p; Q@ < X” in Range 2

(<7 PQ < X" ¢ where a+ 8 < (¢

0<( (<20 P<XSonR, Q< X”in Range 3, 8 <
(—0o<p/2, p<o; R#D, Lemma 9

oc+p/2<1; PQ< X" fonR

p/2 <1/3; B < aon Eg

7/3 < 0 — 0; Lemma 13

oc—0<p; j(X*) =0 in Range 3, Q < X” in Range 5
o< (p+7)/2; PQ > X° in Range 3

p < 80/3; case (b) fails in Range 3

1/3<2¢—7,0 <27/3; fo(a) < { —aon Dy, PQ > X7 on Egy
(v +20)/2 < ¢; Lemma 9 in Range 1
v/3<o—0;Dg#0, < aonkE;

T < v; Bo(a) < (v —a)/2 on Dg and Dg

0 <2v/3; a+ >0 on Dg

(v+0—0)/2<(; PQ< XS in Range 5

o — 0 < 7/2; Eqp lies in Range 5

o<40; a4+ p <o fora<o—20

o — 20 < 27/5; |pg|* = X°~2% in Range 6

o—30 <7/5; (X <2 in Range 6

« on Eg

a on E3 and Ej

0.0129000
0.0121000
0.0322667
0.0537667
0.0591333
0.0860167
0.0430167
0.1397833
0.1290333
0.0967667
0.0483917
0.0806417
0.1881750
0.0699000
0.0161167
0.0645083
0.0107500
0.0215000
0.0322583
0.0483944
0.0645167
0.0645111
0.0080583
0.0322500
0.0645000
0.0838600
0.0741800

Table 5: Inequalities between the parameters (2.1), written as quantities that must be positive, with the
place where each is used and its value at 6 = 0.1129.

up to (log X)'/5 times. The proof of Lemma 5 organizes this iteration into stages, with coefficients bounded
uniformly in the stage.
Lemmas 8 and 9 of Harman and Lewis [10] concern S and coefficients a,, bounded by a divisor function,

while Lemmas 4 and
a divisor-bounded a,,

!
where a;,

:= a, if every prime factor of n has norm at least [(n), and a,

> 0 and a function [,

> anS(E => a8 (En,1(n)),

complex sequence is a combination of 4 non-negative divisor-bounded sequences.

Lemma 8 of Harman and Lewis [10] is the case of Lemma 4 with n ~ Y and I(n)
—2< k< 2and p<lI(n).

Lemma 9 of Harman and Lewis [10], for n ~ Y with X? < Y < X7 and I(n) =
from Lemmas 5 and 4. For the n with |n|? < X7, Lemma 5

is a constant,

applies: Y <

(2.9), and then (2.11) gives

For the n with |n|? >

X7 ) 1/G(Y)+2)

=

Lewis [10] is Corollary 6.
In the proofs of their Lemmas 11 and 12, Harman and Lewis remove the conditions that couple the
variables before applying their bilinear estimate (30), by “applying Perron’s formula to disentangle the
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5 are stated for S’ and for a,, > 0. The forms with S and with complex a,, follow. For

:= 0 otherwise. A divisor-bounded
= R|n|¥, where R > 0

R|n|* < 2(Y), follows
In|? < 2Y gives j(|n|?)

<j(Y) by

2
X7, Lemma 4 applies, since z(Y) < X7/Y < 2X7/|n|?. Lemma 10 of Harman and



Item of Harman and Lewis [10]  Difference Treated in
(27), (28) conditions ut € A, uvt € A read as B Remark 24
Lemma 5 and (30) prime restricted to norms at least */2, Remark 25
within the range of their Lemma 4
(Lemma 22)
fundamental lemma in Lem- stated and proved here Lemma 3

mas 8, 9, 11, 12
Lemmas 8-10

proofs given in full

Lemmas 4, 5, Corollary 6

Lemmas 11, 12, (30) conditions coupling variables removed Lemma 7
by short intervals
Lemma 11 lower bound X7 /P for @ not needed Lemma 9
Lemma 12 hypothesis R > X not needed Lemma 10
Lemma 13 a level not of the form R|n|*; case (b) Lemma 11
added
part 6 of §5 step stated and proved here Lemma 12
(37), sum of S(&p, z(|p|?)) level above the prime for small |p|? Lemma 13, Remark 26
§5 decomposition extended to 6 < 3/26 Section 7
regions of p2 and @10, value of  printed limits and value made precise Remark 27

X
cuts in @3, @7, P9 the cut in ¢~ lies in G; that in @3 and

g follows from the limits of §

Section 8; (7.9) and (3.13)

bounds for ¢2, ¢s5, w9 at @ =  below the losses Table 7
0.119
(17) factor 1+0O(n) replaced by the term 0o(1) Lemma 15

Table 6: Points where this paper adds to, or differs from, the argument of Harman and Lewis [10], and the
place where each is treated. The column “Item of Harman and Lewis [10]” uses the numbering of lemmas
and displays of Harman and Lewis. The symbols 7, ¢ and x are those of Harman and Lewis [10]. In the
row of their Lemma 13, R|n|*, with a constant R > 0, is the form of the levels in their Lemmas 8 and 9;
in the row of their Lemma 12, R is the dyadic size of their prime r. The cuts are the inequalities by which
Harman and Lewis remove subregions of the regions of 3, @7 and 9.

relationship between r and s” and by “removing the interdependence between s and ¢” [10, p. 130]. Lemma 7
removes them by short intervals.

In their Lemma 11, Harman and Lewis assume

X< P< XX, max(X"/P,PX %) < Q< X"/(Pp).
where x = (346 +7)/24 [10, p. 120], which equals (v +260)/2. Since x < ¢ by Table 5, their hypotheses imply
those of Lemma 9 on boxes at distance at least € from the boundary of the region that these hypotheses
define. Their lower bound X7 /P for @ is not used.

Lemma 12 of Harman and Lewis [10] assumes X7 < PQ < XSu™ !, PQR< X’pu'and P>Q > R >
X and concerns the sum of S(A,qr, X7 /(PQ)) over p ~ P, g ~ Q and r ~ R. The terms of this sum with
Ir|> < X7 /(PQ) vanish, since S(Apqr, X7/(PQ)) then sifts out r. So, for Q@ > X7 /(PQ), this sum is the
sum (6.3) with Z, = [@, 2Q) and Z, = [max(R, X" /(PQ)), 2R), without the constraints ¢ < p and r < ¢. On
boxes at distance at least € from the boundary of the region that the hypotheses of their Lemma 12 define,
the proof of case (a) of Lemma 10 gives this sum an asymptotic formula, with |r|*> < 2R and |pgr|?> < 8PQR
in place of |r|? < 2Q and |pgr|?> < 8PQ?. The bound Q < X”~¢ of case (a) holds, since Q? < PQ < X¢ and
¢ < 2p by Table 5. The proof of Lemma 10 applies without the constraints » < ¢ and ¢ < p. The bound
Ip|*> > P > Q = inf Z, replaces |p|* > |g|*> where that proof shows that every prime factor of pgr has norm
at least X7 /(PQ). Dropping a constraint changes none of its other checks.

Their hypothesis R > X% is not used in the proof of Lemma 10. In their Lemma 13, where their
Lemma 12 is applied, Q*P > X7 and PQ < Xu~!, and every 7 has |r|? > X7 /(PQ). Since r ~ R and
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T—(—0=(1-80)/6 is positive, the bound PQ < X~ gives

r? o XT X

> > X,
2 7 2PQ 2

The decomposition of Section 7 applies Lemma 10, through Lemma 11, on boxes of R with PQ > X'/2,
where X7 /(PQ) < X?, so primes r with |r|? < X% occur.

Lemma 13 of Harman and Lewis [10] is case (a) of Lemma 11. Since |g|? < 2@Q, the sum S> of (6.6)
vanishes when 2PQ? < X7, and their condition Q?P < X7 is this case up to the factor 2. Case (a) of
Lemma 11 also needs @ < X”~¢, which is not among their hypotheses. Their hypotheses imply it for small
e, as for their Lemma 12. The proof of their Lemma 13 cites their Lemmas 8 and 12. The sum over the
pairs with |¢|> < X7 /(PQ) has the prime level g, which is not a level R|pg|* of their Lemma 8. Lemmas 4
and 7 of this paper allow this level. Case (b) of Lemma 11 has no counterpart in their Lemma 13. Section 3
describes its use on R.

Part 6 of Harman and Lewis [10, §5] uses the case j(PQ) = 1 of Lemma 12, which is stated and proved
here. For j(PQ) = 0, Lemma 12 is Lemma 14 and (36) of Harman and Lewis [10]. Then z(PQ) =
(X7/(PQ))'/? by (2.11), and, since |g|> < 2Q, the sum Ss of (6.11) vanishes when 4PQ* < X7. Their
condition PQ> < X7 is this case up to the factor 4.

Remark 26 Harman and Lewis [10, (37)] sum S(E,, 2(|p|?)) over all p with X% < |p|? < X'/2. Forp € I,
(3.4) gives z(|p|*) > [pl?, so S(&p,2(Ip|?)) sifts p itself and vanishes, while the term S(E,,p) of the first
Buchstab step remains. Identity (3.5) keeps the sum of S(E,,p) over p € Ila, and Lemma 13 gives it an
asymptotic formula.

The primes with 7/4 < a < 0 — 26 exist only for 8 < 3/26, so they do not occur in the decomposition of
Harman and Lewis [10, §5] at 6 = 0.119. Section 7 treats them in the paragraph after (7.9).

Remark 27 The regions of Section 7 are derived from the lemmas. Of these regions, those for ws and p1g
differ from the regions that Harman and Lewis print. Harman and Lewis [10, p. 132] print the lower limit
C—a for B in @y. For o> (14100)/6, this limit lies below Bo(a) = (T — ) /2 of (3.7), and the strip between
these limits contains no pair of Y. . Harman and Lewis print the upper limit 1/2—20—« for B in @19, which
makes the region empty for every a > 7/4. The condition |pq|* < X° of Lemma 12 with j(PQ) = 0 gives
the upper limit o — a. They also print x = 0.46205 at § = 0.119 [10, p. 120], while (346 + 7)/24 = 0.46025.

Harman and Lewis discard the third sums of (6.7) and (6.12), except on a few subregions of the regions
of 3, w7 and g that they remove by further inequalities, the cuts of Table 6. They print a grouping of
the kind that defines G and L only in their ¢ [10, p. 133]. There, the condition § > 1 — a —y — ¢ when
a+7 > o excludes from the region of 7 the subset of G given by & = {p,r}. This exclusion changes no loss
once G is added, and the evaluation of the decomposition of Harman and Lewis in Section 10 keeps it. Their
cut v < a+ B8 — 26 in p3 and g is implied by the limits of 4. On E3 and Eg, § > 7 — o — 8 by (7.9), and
the integrand of ®(F’) in (3.13) vanishes unless 6 < (1 —a — 8 —+)/2. These bounds are compatible only if

y<1-21r+a+B=a+p—26.

At 6 = 0.119, the bounds that Harman and Lewis print for @2, @5 and g lie below the losses of Table 7.
For g they “omit here a couple of extra conditions on the integral ranges, corresponding to other ways of
combining variables to get asymptotic formulae” [10, p. 133], and the loss of Eg in Table 7 is that of the
region they print.

Harman and Lewis [10, (17)] state the case K = 2 of Lemma 15 with a factor 1 + O(n) in place of the
term o(1) of (9.2), where n = (log X)~4 as in Remark 24. For K = 4, Lemma 15 is the form they use for
©3, 5, 7, P9, P10 and ¢11. The proof of Lemma 15 counts the free prime by the main term y/(2logy) of
Lemma 17(d), and
1 —log?2

logy

So this main term has a relative error of exact order 1/logy, and the proof gives the term o(1), not a factor
14+ 0(n).

Li(y) - Li(y/2) = (1+ +0((logy) 2)) 52

2logy’
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Loss Region First method Second method Bound of Harman and Lewis

Y1 Dy 0.2747838 0.2747838 0.275
P2 D;UR 0.3456458 0.3456458 0.341
v3 Es 0.0000918 0.0000918 0.001
P4 D) 0.1554561 0.1554561 0.156
s Es 0.0011859 0.0011859 0.001
V6 Ds 0.1116255 0.1116255 0.112
w7 E7 0.0008847 0.0008847 0.001
Y8 Ds 0.0356394 0.0356394 0.036
P9 Eg 0.0010752 0.0010752 0.001
10 E1o 0.0161420 0.0161419 0.017
Y11 En 0.0000285 0.0000285 0.001
total 0.9425585 0.9425585 0.943

Table 7: The losses (3.13) of the decomposition of Harman and Lewis at # = 0.119, computed by the methods
of Section 10 with the regions derived from the lemmas (Remark 27) and with the cut of Harman and Lewis
in @7, rounded to 7 decimal places. The column “Bound of Harman and Lewis” gives the bounds of Harman
and Lewis [10, pp. 132-134].
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