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SIX PRIMES AND AN ALMOST PRIME
IN FOUR LINEAR EQUATIONS

ANTAL BALOG

ABSTRACT.  There are infinitely many triplets of primes p, g,  such that the arith-
metic means of any two of them, ‘%’i, %, 9%'5 are also primes. We give an asymptotic
formula for the number of such triplets up to a limit. The more involved problem of ask-
ing that in addition to the above the arithmetic mean of all three of them, a;zir is also
prime seems to be out of reach. We show by combining the Hardy-Littlewood method
with the sieve method that there are quite a few triplets for which six of the seven entries
are primes and the last is almost prime.

1. Introduction. The Hardy-Littlewood method is number theorist’s best tool for
additive problems, such as a system of homogeneous linear equations in arithmetically
interesting sets. A classical example is van der Corput’s result on the existence of in-
finitely many three-term arithmetic progressions in the set of positive primes [vdC 1939].
Generally k equations require at least 2k + 1 primes for a successful attack by the Hardy-
Littlewood method. Thus the problem of four-term arithmetic progressions in positive
primes is out of reach at present. As an approximation Heath-Brown proved that there
are infinitely many non-trivial arithmetic progressions consisting of three primes and an
almost-prime of type P, [H-B 1981]. Here, as usual, P, denotes an integer with at most
r prime factors counted according to multiplicity.

The author has recently observed that systems of linear equations with a special struc-
ture can sometimes break the 2k + 1 barrier. The most exciting example is the “magic
triangle” in positive primes, that is the system of equations

a+b=2w
@) atc=2y
b+c=2u

has infinitely many non-trivial solutions in positive primes a, b, c, u, v, w. Actually more
is true. For any integer m > 2 let N,,(X) be denote the number of prime m-tuplets p; < X,
P2 < X,...,pm < X such that the arithmetic mean %(p,- + p;) of any two of these primes
is also a prime. Thus N,(X) counts the three-term arithmetic progressions while N3(X)
counts the “magic triangles”. In [B 1992] it is proved that for any fixed m > 2 we have

2 Nu(X) > (Tog Xy ™/
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It is worth emphasising that the corresponding system consists of k = %m(m — 1) equa-
tions in n = Lm(m + 1) ~ k+ /2k + 1 variables.

Note that in [B,B 1995] Balog and Briidern investigated the same question where the
set of primes was changed to the set of integers representable as a sum of three positive
cubes.

Having the result for “magic triangles” one can try to add one more equation and
variable by asking whether there are infinitely many prime triplets such that not only the
arithmetic mean of any two of them but also the arithmetic mean of all three of them is
prime, that is adding the equation a + b + ¢ = 3z to (1) getting

atb=2w
b+c=2u

atb+c =3z

Like the four-term arithmetic progression case, this is too much to ask. Following the
foot steps of Heath-Brown we mix the Hardy-Littlewood method with sieve methods to
produce solutions of (3) in six primes and an almost-prime. Hardly can one hope a sieve
result for (3) without an asymptotic to (1). Indeed, as a byproduct we get

THEOREM 1.

as X — oo.

@ Ny ~ 2]

P@—5p+7) X
16p>3 (p

-1y (logX)®’

According to the location of the almost-prime among the variables a, b, c, u, v, w and
z we can state three results. N(X ; z = P;) denotes the number of solutions of (3) in
positive primes a < X, b < X,c < X, u < X,v < X,w < X, and z = P; < X with the
obvious extension to other variables. We have

THEOREM 2.
©) NX;z=P3)> {ogX)"’
X3
(6) N(X,V=P2)>>m,
X3
(7 X;a P3)>>(logX)7’
Jor X > Xj.

The difference between the quality of the results (5), (7) and (6) lays in the difference
between the level of distribution in the sieve error terms we can reach in the different
situations. The proof of (7) is analogous to the proof of (5), but we have to use a com-
pletely different argument in (6) when dealing with the sieve error term. We will present
the detailed proof only for (5). The proof of (6) has the same structure than the proof
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of (5) except the “minor arcs” bound, which can be reduced to a lemma of [H-B 1981].
However, this more powerful method is not applicable to the other two situations, be-
cause they are too symmetric in a certain sense. In Sections 2—6 we discuss the proof of
(5) and as well as the general structure of the application of the circle method to “magic
triangles”. In Sections 7—8 we comments the alterations to the proof of (6).

Heuristic arguments suggest that N(X), the number of solutions of (3) in seven positive
primes each < X satisfy

CONJECTURE.
4(p 3)2 X3
8 55 (p— 1S (logX)”

as X — oo.

®) N(X) ~

In this point it is worth mentioning that the same heuristic arguments give that the
number of four-term arithmetic progressions in positive primes each < X must be

HPZ(P 3) X
2,55 (p— 1) (log X)*

It is transparent that the factors corresponding to p > 3 in (8) are just the squares of
the factors in (9), however one could not guess this relation from the structure of the
equations only.

We want to stress here, that the application of the Hardy-Littlewood circle method
as described in Section 3, is quite general, and capable to give asymptotics for “magic
triangles” in other sets than the set of primes or even for other systems of linear equa-
tions with “fewer than expected” variables. In a forthcoming paper we plan to use the
present method to derive a lower bound for the number of solutions of (3) in integers
representable as a sum of two squares.

Throughout the paper we will use the standard notations of analytic number theory.
p will always denote a positive prime and a, b, ¢, u, v, w, z will always be the variables
of (3).

®

2. Preparation. Let us concentrate first to the proof of (5). Theorem 1, the asymp-
totic result, will follow from this discussion, and it will also be clear that (7) can be

proved much the same way.
If one of the variables in (1) is fixed then choosing the value of two other vari-

ables determines the rest. Thus the number of “magic triangles” with a fixed entry is
O(X? [ (log X)?). Therefore we can suppose that neither of the variables is divisible by 2
or 3, which sets up the following conditions.

2 fa,b,c;
3 fa,b,c,at+batc,btc;
2|,4 fa+b,a+c,b+c.
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One can easily check that these conditions are equivalent to

1
— 7 _ _J5
a=b=c= 7 mod 12.

11

Similarly we can suppose that neither of the variables in (3) is divisible by 2 or 3,
which sets up the following conditions

2 fa,b,c,a+b+c;
3 fa,b,c,a+b,a+c,b+c;
2|,4 fa+b,a+c,b+c;
3,9 fa+b+e.

One can easily check that these conditions are equivalent to

({1,1,1}
{2,2,2}
{4,4,4}
{5,5,5}
{7,7,7}
{8,8,8}
modd, {a,b,c} = g ; ‘g modo.
{4,4,7}
{2,5,5}
{1,7,7}
{5,8,8}
{1,4,7}
1 {2,5,8}
By the Chinese Remainder Theorem the triplet (a, b, ¢) is fixed to be congruent to one
of the 72 admissible triplets modulo 36 when dealing with (3). The 4 admissible triplets
modulo 12 when dealing with (1) can be written as 108 admissible triplets modulo 36.
Let us fix an admissible triplet (ag, b, co)-
We will apply the linear sieve to the weighted sequence of positive integers z with
weight

>

1
3,

>

{a,b,c} =

NN
U =t
[SS Iy
[Sars

w0 = ST S A@AGAA( S0 )A (S 0)A(229),

where the triple sum is extendedtoa < X, b < X,c < X,a+b+c=3zand (a,b,c) =
(ao, bo, co) mod 36. Here A(n) is the von Mangoldt’s function.

Now let {\s ; d < D, (d, 6) = 1} be aset of sieveing weights, in this stage of the proof
they are arbitrary real (or complex) numbers defined on square-free numbers coprime to
6 and satisfying |\4| < 1. We are going to study the sum

3 Ad y o w(dz).
d<D z
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Actually we will need a more general sum, namely let w*(z) be defined similarly to w(z)
but A(a) is changed to an arbitrary function A*(a) satisfying only |[A*(a)| < loga, that is

(10) @ =33 ZA*(a)A(b)A(c)A(a h b)A(" ;:C)A(b ; )

We will prove the following theorem.

THEOREM 3. For any N > 0 there is an M = M(N) > 0 such that

. P —5p+7) ,
A ) wi(dz) = — = X2Y" )
d‘; 2 16,53 -1y E% ”’Hp —5p+7
. P2 —3p+2 ( X3 )
X A*(a) +0 ,
g( £I —5p+7 (log XV
a=ay(36)
(a,d)=1
whenever D < (—5)%;—);7. Especially we have
~ P —5p+7) X3
Y w(dz) = i SR SRS B IP) +0( )
PRLR> 64,,133 e-1F * & dﬂp —5p+7 (log X)¥

andwithD =1, \; =1

PR —5p+7) P
LwE) = 64,,r>[3 PR O(aogxw)'

Theorem 1 follows from this last result by adding to the 108 admissible triplets of
residues modulo 36 and by standard bunds for prime powers. We leave the details to the
reader.

To get better almost-primes we have to use more than a straightforward sieving pro-
cess. One of the important steps is the “reversal of roles” principle, developed by Iwaniec
[I1972] and Chen [C 1973] independently. This will require the study of a different sum
where the roles of a and z are switched. To simplify the notation we restrict our functions
A(n) and A*(n) to the interval {0 < n < X}. Let Q*(a) be the number of triangles of
type (3) with a fixed vertex a and weights A(n) at the other six locations, that is

2@ =T L TA Ao Z72)A(EZ0)A(250),

where the triple sum is extended to 3z — b — ¢ = a and (b, c) = (bo, co) mod 36, while
z =zg = (ap + by +¢) /3 mod 12 with the fixed admissible triplet (ao, bo, ¢) of residues
modulo 36. We also restrict Q*(a) to 0 < ¢ < X. Theorem 3 remains valid with little
alterations when w*(z) is changed to Q*(a). However, the main term becomes slightly
more clumsy as we have the additional condition that 0 < 3z — b < 2X. We introduce
the function

H(z):H(z;X)—smm()z( ;,1—)3().

We have
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THEOREM 3. For any N > 0 there is an M = M(N) > 0 such that

S AL Q) = > ] Mﬂxz IV | At

<D a 16 p>3 1)° 4<D pldp - 5P+7
. —3p+2 ( X3 )
X A 4 H + >
2, Ne(He ) H 7 sp+7 "\ (ogXPN
7=2(12)
(z.d)=1
X\

whenever D < Tog

The proof of Theorem 3’ follows closely the proof of Theorem 3. We will indicate
the slight differences in due course. This strategy seems more illuminating than proving
the general statement. In Section 6 we will explaine how to derive (5) and (6) from
Theorems 3 and 3’ via the weighted linear sieve but we will be very brief with respect
to the sieve. Before that we prove these theorems using the Hardy-Littlewood method.
Section 3 is devoted to the “minor arcs”, Section 4 to the “major arcs” and Section 5 to
the “singular series” although these terms will not appear in their conventional form.

3. Application of the circle method. We will detect the equation b + ¢ = 2u in
(10) by the circle method, and the equation a + b+ ¢ = 3dz by dla+2u,3la+b+cis
immediate from the choice of (ay, b, co). (The equation 3z — b — ¢ = da is detected by
d|3z — 2u instead.) We have for fixed g, b and ¢

b
A(%) = /01 Véjx A@e(ab + ¢ — 2u)) dex
d|at2u

Summing over a, b and ¢ we arrive at

S w(dz) = A*(a) / po} A(b)A( b)e(ab)x
z a<X
a=ay(36) b= bo(36)

+
x 3 A(c)A(a C)e(ac) S A@)e(—2au) der.
c<X u<X
c=¢o(36) dla+2u

We introduce the next functions defined for any fixed positive integers a and d.

flasday= Y Awelaw), fup(@)= 3 A(b)A(a+b)e(ab).

busX b<x
dla+2u b=by(36)

For Theorem 3’ these definitions alter to

flasd= 3 A@elaw), fip(@)= 3 A(b)A(Bzz—b)e(ocb).
u<X b<X
d|3z—2u b=by(36)
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The first one is the well-known generating function of primes in an arithmetic pro-
gression, and well studied in the literature, while the second one is the anologue for a
kind of prime twins, and almost nothing is known about, except on average over a. We
have

(11 o= T N [ fon(@Vaeo (@) (=20t d @) dex
a=ay(36)

and for Theorem 3’ we have similarly

arh > Q*(da) = A*(z)/ Sopo (Voo (@) (201 5 d, ) da.
<X
¢ z—zzo(!2)
Although not necessary, it will be convenient to use the same weight function in the
integral as is used in [B 1990]. Let Q > 1 and L > 1 be arbitrary real numbers and

(12) M)=1-Y = 3 7 e((a——g)ﬂ).

420 9L (r=10<e<qL

The important properties of this function are summarized in the following lemma (see
Lemma 1 in [B 1990]).

LEMMA 1. We have uniformly in Q, L and «
2
Wio) <1+ g-

. 0>
W L =
(@) < min [|eeq]| 7

Actually this lemma is proved with Q'3 in place of (7 in the upper bounds which is
perfectly enough for our purposes as Q will be a power of log X while L will be X over
another power of log X. However, the lemma is true in the above stronger form and the
proof is straightforward, we leave it to the reader. We will also need Lemma 2 of [B

1990]
LEMMA 2. For any N > 0 there is an M = M(N) > 0 such that if
13 D < —— Xl/3 1 y=1
then
max Aw)e(oau)| € ——=
d;)(fd)— ,g( (ee) (lo X)”
u=f(d)

Especially we have

14) ; Aof(as dya)| < ———,
( 2 4| < o
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under the conditions (13) on o and D, and uniformly in a (or in z).
Let us fix N > 0, the exponent in the error term in Theorem 3, and choose

X
(log X)M+N+4 ’

where M = M(N +4) > N +4 is given by Lemma 2. By the Dirichlet’s Approximation
Theorem we can find for any o a rational number 7 /s such that

(15) 0=(logX), L=

r| _ (logX)M X
16 — - — = < —.
(16) I(x s, < sX =1 s< (log XM

If s > Q = (log X)M then Lemma 2 and the first bound of Lemma 1 provide

(17) ] dglj) Af(s d W (@)] < G5 X)NM,

while if s < @ then ming<p L||ag|| < (logX)~"=* and (17) follows from the second
bound of Lemma 1 and from the trivial bound f(« ; d,a) < X/d. By Cauchy-Schwarz
inequality, Parseval identity, (17) and trivial upper bounds for the number of primes we
get

I= 2 A*(a) /lﬁ,,bo(a)fa,q)(a) Z Af (2« ;5 d, a)W(—2a)da
0 d<D

(A(b)A(a b))

a=ay(36)
(log X)” ’

(18) <y |A*(a)|

a<x

< sup

aa

> Af(a; d,a) W(a)IXZ(logX)“ <
d<D

4. The “major arcs”. In this section we evaluate /. The structure of W(«) implies
that [ is the sum we are interested in minus a complicated looking average of it, more
precisely we have

I=Y LS ud- Y MY S Y %

<D 'z a<x 420 (fg=1 b<X <X
a=ay(36) b=by(36) c=co(36)

a+b atc 14
(19) xA(b)A(c)A( ) ( ) Y)Y A(u)e(—f—).
d<D u<X q

d|a+2u

0<t<qL

bre=2(utl)

After splitting the summation over u into residue classes g modulo g we can evaluate the
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inner sum by the Bombieri-Vinogradov Theorem.

{
TIh T Awe(-L)
L <o u<Xx q

dla+2u

0<t<qL

bte=2(ut+?)

A, B

(&=1 d<D be_glcu<bie
u=gmod q
2u=—amodd
1 ( f (b +c )) ( 1 )
= el ——(— — M+TO| ——= |-
Mad oo g\ 2 5 (log X)2M+N+3
2g=—a(q.,d) (a,d)=1

Here and later we abbreviate ¢([q, d]) by ¢[q, d], where [q, d] is the least common mul-
tiple. A similar convention applies to the greatest common divisor, already in the above
formula. (For Theorem 3’ we have the condition 2g = 3zmod(g, d) rather than 2g =
—amod(g, d).) Writing this into (19) and using the bound (18) to / we get

> Ay wi(dz)

d<D z
: /4
= N % A(a)qggd)[q,d](f%:_ <§§>=1 (%)
a(;ﬁ?(;é) 2g=—a(g.d)
5% A(b)A(c)A(a;b)A(a;c>e(_f(b2’;C))+0((10;(;)N),

b=bo(36) c=co(36)

To get further we have to split the sum over b and c into residue classes # and £ modulo
2q. We arrive at

(zgx\ 2w = My, : 3 A%a)
274 2 2 dla.d] =3
—fk
2 ve(%)e(57)e(5;)

a+b atc X
X ADACA| — A — +0(-——-—),
L % ronen(5)A(5) 0 g
b=h(2q) c=k(2q)
b=bo(36) c=co(36)

where Yy and 3, runs over sets of reduced residues modulo g while 3, and ¥ runs over
sets of reduced residues modulo 24 satisfying

(21) (f,9) =1,
(g,9) =1, 2g+a=0mod(q,d),
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+h
(h,2g) = 1, (“—T,q)=1, h = by mod(36, 29),

: ,
(k,29) =1, (“—2—5‘,(;) =1, k= comod(36,2g).

For Theorem 3’ we have to alter the conditions slightly

(21 =1,
(&9) =1, 2g=3zmod(q,d),

3z—h
h29)=1, (Z5—.q) =1, h=bymod(36,2q),

3z—k
(k,2q) = 1, (-%——,q) =1, k= comod(36,29).
The mairmrresult of [B 1990] is that the prime k-tuplets conjecture is true on average.
To evaluate the summation over b and over ¢ in (20) we will need a special case of this.
Note that what we really need, asymptotics for prime-twins on average, was available in

the 1960’s by the works of Lavrik [L 1961].

LEMMA 3. Let 4, B, C, f, q be integers, ACfg # 0, (Af + B,q) = 1 and N > 0 be
real. We have

2

2

S A(n+B)A(Cn+D) — o(4,B,C,D s f,q) T 1( <
(D=1

n n (log X)N ’

where Y, runs over all integers n satisfying 0 < An+B < X,0 < Cn+D < X and
n = f mod q, moreover

. B 1\—2 )
a(A,B,C,D,f,C])—}gp_pp(p)l;[(l—;) (I‘EE‘)

and p(p) is the number of solutions of (An + B)(Cn+ D) = 0 mod p. The implied constant
depends on A, C and N only.

The summation over b and similarly over ¢ can be evaluated by Lemma 3. Writing

b = 36n+b, the summation over b becomes ¥, A(36n+by)A(1 8n+£1;ﬁ1) over n satisfying
0 < 36n+by < Xand 36n + by = hmod 2q. Let p(p) be the number of solutions of the
congruence (36n + bo)(18n + #’ﬂ) = Omodp. As (a, 6) = (by, 6) = (5’121341, 6) = 1 for all
a we are interested in, we have that

0 ifp=2,3,

p(p) = { 1 ifpla,

2 ifp fa,p>3.

Lemma 3 implies that
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a+by (18,9 p-!
S A0A(5) - 4q ,,I>Ig,(p—1)2££1’ 2 pla P~ 2X|

2

e<x | b<x 2
(ad)=1 b=h(2q)
a=ay(36)b b=by(36) p>3 rha
XZ

< (log X)6M+N+2 ’

For the other situation Lemma 3 implies

> | o aen(F0) - L2 1L 11 A

( z[ié)Xl s bhf()z( ) 4q p>3 (p - 1)2 p[q plz
z,d)= =h(2q 3
7=29(12) b=bo(36) P> . eha

XZ

Writing these into (20) first we change the sum over b than the sum over c into their
expected main term. We arrive at

(22)
2
A d Pe-2 05 ) A
D | R e R NP WA
a(—g,go)(:?:é)
(18,9)°%(q) P\ (P12 X3
F— - o ——1|,
X 2 Pdla.dl E(p—z) ,,I,{(p—z) * ((logX)N)
p>3 pfa
where

- —hy\ (I
K@) = Faalg) = zz;;e( 2)e(5q )e(55 )
and Y and 3=, runs over sets of reduced residues modulo g while 3, and ¥ runs over
sets of reduced residues modulo 2g satisfying (21) or (21°).
In the next section we will prove the following explicite formula for x(g).

LEMMA 4. For any admissible triplet (ao, bo, co) and integers (a,d) = (d,6) = 1
with a = ap mod 36 and d is square-free we have that k(q) is multiplicative, k(p") = 0 if
r>2and

1, ifp=273,
_Jl=p, ifplap/d
"O)=\a—p, ifp fap d
2p—4, ifp fa pld

(The same is true for the altered x(q) just every a must be changed to z.) Having this
lemma we can evaluate the summation over g. It turns out that the sum converges at a
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rate T(g)g 2, where 7(g) is the divisor function. We get

> (18,9)*x(q) H( p )2 il (p;l>2

<0 dla.dl o \p—2) L \p—2
p>3 P/l/q
— 2 (65p)2 14 2
1 G=) rol 25 1 GE)
p/}’ﬁ
—2)?

x« I &=L 1 @=p IT er-4 -1
pla,g) plg plig:d)

p fod p Joad pJ6

—H—H( )(1+1)(1+)H( ‘6——;%?1‘))

pla P = 1 pla P p foad
3
I (1) B(eg5) oM ™)
pJod p f6a

Note that the “strange” factors (1 + 1)(1 + %) correspond to the primes 2 and 3 when the
infinite sum over q is written in product form. After writing this into (22) Theorem 3 and
Theorem 3’ follow by trivial transformations.

5. The singular series. In this section we prove Lemma 4. First we write g = g,
where 2 Jq' and r > 0. We fix two integers 2 and § satisfying

27 =1modq’, ¢'¢=1mod2"™.

We write

f=h/2"+fd,
g=212"2 + 4,
h= hlzr«—lz'rﬂ +h2q’q,
k=122 + hq'g,

and one can easily check that the conditions (21) are equivalent to the following two sets
of conditions.

(fi.9) =1,
(g,9)=1, 2g +a=0mod(q’,d),
(h1,q) =1, (a+h,qd)=1, h =bg mod(9, q),
ki,g)=1, (a+k,¢d)=1, k =comod(9,q)
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and

(.2 =1,
(82,2 =1,
(h2,27") =1,  hy = bymod(4,2"™"),
(0,2 =1, Ik = comod(4,2™").
For the altered function x(g) the first set of conditions is replaced by

(fi.q) =1,
(g1,9)=1, 2g =3zmod(q’,d),
(h,q)=1, (Bz—h,q)=1, h =bymod(9,g),
(k1,gY=1, QBz—ki,q¢)=1, k =comod(9,q).
Writing these into the definition of x(g) we arrive at

fe\ (= Tk
w0 =2 T T2 )e(5,)e(5)

29
(12" +/4' 21272 + £24'9)
R R
y ( —(i2"+ /24 ) (127127 + yg' q))
2H~lq/
( —(i2" + /g )k 2712 + kag' q))

2r+1

-2

h & b Kk q q’
L&\ (—hhe\ (—hHk
*EEETe(5)e( 5 )e( 57
L& h ok
= r1(q")r2(2")
In the calculations below we will frequently use, actually we will only use the following

sums
Se(®)=0, 5 (&) =u0
g=1 ‘94 @p= 9
whenever (f, q) = 1 and ¢ > 1. Here p(g) is the Mobius function, that is (1) ifgis a
product of s different primes and 0 otherwise. We can evaluate the summation over g,
easily getting

~n_ |1 ifr=20,1,
"2(2)”{0 itr>1.

Making the change of variable ;2 = f and 2g, = g in the definition of x;(¢’), and also
writing g, h, k for ¢', hy, k) we get that (for 2 J g)

w@ =222 e(E)e( (L),

q q
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with the new set of conditions

(1) f.9=1,
(&9) =1, g+a=0mod(g,d),
(h,g)=1, (a+hq)=1, h=bymod(9,q),
k,g)=1, (@a+kq) =1, k=cymod(9,g).

We can prove that ,(g) is multiplicative by much the same argument as the one we used
in order to separate £(2"q") = &1(q")k2(2"), we omit the details. We only have to calculate
k1(p") for all odd primes p. We start with p = 3. As (d, 6) = 1 the congruence condition
on g is abundant and we can evaluate the summation over g to get —1 or 0 according to
r = lorr > 1. For r = 1 the summation over /4 and over k contains the single terms
h = by and k = ¢y. We arrive at

k103) = "(e(—%(bo +c0)) +e( (b0 +co>)) —1

and we have .
1 ifr=0,1,

r —
s ={, ifr> 1.
Next we study primes p|a and therefore p J d. (If we do not assume that (a,d) = 1 then
here we realize that no g satisfies (21°) and so x(p") = 0.) We have no exira condition
on g and we can evaluate the summation over g again to get —1 or 0 according to r = 1
or » > 1. We also have no extra condition on /4 and k because p|h iff p|a+ h. We arrive at

1p—1p— _

k1(p) = f;;lzzliz ( fh) (Tfk>=l-—p

Ifp faandp Jd then again no extra condition on g and we get
),

=1\ k=l p
P Xa+h

= —2(1 +2e(—‘;[) +e(%1[)) =4—p.

Only the case of p f a and p|d left. Remember that d is square-free and therefore (p”, d) =

p. Thus we need g + a = Omodp and we can list these integers by g = —a + mp,
m=1,...,p""" and we get
pr—l . _
2D EAE- [P 13
g P Pomm NPT 0 ifr> 1.

In the evaluation of the summation over & we can suppose that 7 = 1.

Te() = fe( L)1) - 1-D)

h p h=1 p
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Finally we get
nl(p):;i:e(—-—g)( 1—e(”f)) :i}::(( “f)+2+ (Pf))zzp—4.

The proof of Lemma 4 is complete. (The proof with the altered definition of k(q) proceeds
exactly the same way.)

6. A weighted sieve. In this section we apply a weighted linear seive. We use con-
stant weights of Kuhn’s type, because they are relatively simple and serve our purposes
very well. Let us define

n= 1II »
I<pxi/n

First we show that

IPCES WO (B 3

z=P3 @IhH=1 plz
X2 <pexi/t

2 1

-3 O I

Z=pP2P3P4 Z=p1P2P3P4
(23) XM2<p <X <pr<py<pa X/ <p <py <X <p3<ps

1 2

- = wzy— > S w(p’z)
3 Z=p1P2P3P4Ps X<y z

X112 <p, <p <X <p3<py<ps

I DI D
1 2 3 5 5

To verify this inequality we have to check what z have positive weight on the right
hand side. We clearly have w(z) = 0 for z > X, and the weights attached to z have the
structure w(z) X a coefficient. This coefficient is always < 1. If z is not square-free and
counted in the first sum, then also in the last sum and the attached coefficient is < 0. We
can restrict ourselves to square-free z. z has a chance for positive coefficients if (z, IT) = 1
and z has at most two prime factors in I = {X'/12 < p < X'/*}. However, z can have at
most three prime factors inJ = {X!/4 < p}. If it has no prime factor in / then z = P3. If
z has exactly one prime factor in / and exactly three in J then the attached coefficient is 0
by the second sum. If z has exactly two prime factors in / and two or three prime factors
in J then the attached coefficient is 0 again by the third or fourth sum. In the remaining
cases z = Pj.

The last sum can be handled trivially. For any z, after choosing a and b there 1s at most
one choice of ¢, thus

Y=Y Y@< Y ) X(logX)
5 X<, z X/2<p <X/ p?

X3(log X)®
< —————————( o;on) <<X3“'/l2(logX)6.
Xl/lZSP P
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31 can be estimated by the linear sieve, see Theorem 8.3 of [H,R 1974]. We are
not going to introduce the general sieve notations, neither the precise definition of the
functions involved in the lower and upper bound sieves. All the details together with a
very similar application can be found in Chapter 11 of [H,R 1974].

There are some sieveing weights {\s},d <D = X'/ /(log X, (d, 6) = 1 such that

o=y wai- T )

1 (zID)=1 plz

4) X112 <paxt/t
1
> Y NTeld) =3 T e elpd)
d<D z XI/IZSP<XIH d<D/p
and
1 q—2
)\d A pd
(25) ";’ . }lqu “5‘1*7 3x1/l2§<x1/4d<§/p qILuId‘I —3q+7
)

=(ra) T (1= Fhrm)e -5 [TA(e- 1))

3<g<xi/n2

The functions f(s) and F(s) satisfy

. 1 12 dt  €log3
(26) sy [Pr(a- )T =2
where 7 is the Euler’s constant. Theorem 3 together with (25) and (26) implies that

2 —5p+7
>:>(1+o<1>)64pf>g%’§f—)f

LR e )

3<g<Xxt/12
= (1+0(1)) 64PI>I3P (P(p—_511;5+ 7 (1 - li;p2+7) (1 - },)ﬂ)ﬁ
2 dt
« 3<ql<_[X‘/'2(l - —)(f(4) ARICE 7> i )
_ (1 N 0(1)) 3 l;zg?a pll P;(P_—I_;,6)2 lng3X_

In the last step we used Mertens’ prime number theorem.

In Y2», Y3 and T4 we change the roles of z and a and we use an upper bound sieve to
the prime a. This “reversal of roles” idea is applied in Chen’s fundamental work on the
Goldbach’s problem much the same way as we apply here. The treatment of the three
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sums are analogous, we give the details for >°4. We have

2= > w(z) = 3 Aa)Q*(a)
4 Z=P1P2P3P4Ps a
X12<p <py <XM/* <p3<ps<ps

< log XY, Q'(p) + O(X**(log %))
P
<logX Y Aa 3 ©(da) + O(X*(log X)),

d<D a
where { )} is a set of upper bound sieving weights and A*(z) is the characteristic function
of the set z = pypyp3paps < X where X1/12 < p; < py < X'/* <p3 < ps < ps andz s
restricted to the residue class z = zo mod 12.
Similarly to (25) we have from the upper bound sieve that these sieving weights pro-
vide

—2
05) Tt g =Fren) M (1-1575)

d<D  4ld 9 3<q<Xxi/6
Thus Theorem 3’ implies (similarly as above) that

4 32
% < (1+om)F I 2P e He)

p>3

Here we used that F(2) = ¢”. Next we have to evaluate the sum

. 2 2
L A@HR) = > (H(prpap3paps)) -
z P1P2p3paps<X
P1P2P3Paps=20(12)
X112 <py <py <X <p3<ps<ps
This can be derived from the Prime Number Theorem in a standard way. Similar calcu-
lations are made in plenty of places, for example in Chapter 11 of [H,R 1974], we do not

work out all details. If we write p; = X* then the size conditions are

1 1
_<tl<t2<Z§t3<t4<fS, h+np+nt+itis <1,

12 —
which also imply that
1 1 l1—4—1 l—-4—6—18
t1<§, 12<Z—t1, t3<———3———, t4<——2————.
We get that
2
LA @(HE)

1 + 0(1) / /-—11 /‘ / -'1"2*’3 diydtsdtrdty
1210gX 1 2] hitsta(l—t —tp —t3 — ty)
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which leads to

p4(p 3)2 X3
£ < (1+oh)3; }33 () fogX

/‘ /“—tl / / _l’_lz b dtsdtzdtydty
2} txtzt3t4(l —h—h—NK —-t4).

Much the same way we get the inequalities

@7

4 2 3 1 1 1—ty—tp
-3y -3¢ X i ri ——= dtsdtrdt
<(1+o(1 X
o= ())32,,I>I - 1)F logX W, il -t —6 — 1)
and
4 2 3 1 1-1 I~t) -ty
P37 32 X i = dtzdtydt
<(1+o(1 X ’
; = ( o( )) p];[3 (p _ 1)6 logX / H tihts(1 —t1 —tp — 83)
Using the fact that log(3 — 4u)/(1 — u) is decreasing in 0 < u < 1/2 we can easily see
that
(28)
"'I ) dt3d12dt1 1 dtzdtl
log(3 — 4t —4t)————
/ / / nht(l—h —t — 1) / / - BRRCE T

6 dtydt
< —-log =
-5 o8 3/ /1.1 il
(log )(log3)2 < 0.61359
We can bound the other two integrals in a similar manner. Collecting all these bounds
we get that
(29) Nz = P5) > 0.23562 x 21 11 Pe-3 X
7= il
’ 8 ps5 (=1 (logX)’

for sufficienly large X. The proof of (7) is analogous. Note that by numerical integration
one can get 1.05357 in place of 0.23562 in (29).

7. The proof of (6). As we have indicated in the introduction, we are not going to
present the detailed proof for two reasons. First it is a combination of the above ideas
and Heath-Brown’s large sieve technique on the minor arcs, no further idea is necessary.
Second the technical steps would make the paper too lengthy and unreadable. What we
do present is how to reach D = X'/2/(log X in a Theorem 3 like statement. Even in
this we will only deal with the “minor arcs” bound as the calculation of the main term is
identical to that of in Section 4. The application to the weighted sieve than follows the
pattern given in Section 6 and actually well discussed in some places such as [H,R 1974]
and [H-B 1981].

This time we list our triangles in a third different way, namely according to w, b, ¢

such that 2w — b, %%, 22 are primes and we sieve the sequence of v = wbie |f
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(ao, bo, o) is a fixed admissible triplet modulo (36), and we study triangles with corners
congruent to this triplet, then in our list we need w = wy = %@ mod 18. We define

Q0) = £ T TAWAGA@AEw — D224 (226,
where the triple sum is extendedtow < X, b < X, ¢ < X, such that 0 < 2w — b < X,
2w —b+c = 2vand (b, c) = (o, co) mod 36, w = wy mod 18. We simplify notation by
restricting our functions to the interval 0 < n < X. Actually we have to change A(w) to
a more general function A*(w) again, because after reversing the roles of w and v in the
application of the weighted sieve, the set of v becomes the set of unwanted products of
three primes surviving the sieving process. As we have already seen this does not make
any difference, and for simplicity we stay with A(w).
Now let {\; ; d < D,(d, 6) = 1} be a set of sieveing weights. We are going to study
the sum
2 Aa 2 Q(dv).
<D v
We will detect the equation b + ¢ = 2u by the circle method, and the divisibility
d|2w — b + ¢ by the discrete circle method, namely by

1 dle(rn)_{l ifdln,

d5 0 ifd Jn.
We arrive at
d;xd L) = Z Z ;A(w)e(z’;" ) / }:A(b)A(zw b)e((a - —S)b)

x ZA(c)A(ZW C) (( ) )ZA(u)e( 2aw)da
; 7'1 éZA(W)e(TrW)/O gw(a— g)hw(ow E)f(—Zoc)da.

The definition of the functions g,(), () and f( ) is transparent from the above line.
f() is the classical trigonometric function over the primes.

We introduce our weight function W{(c) of (12) with a similar choice of the parame-
ters as in (15), we specify later, but with a shifted argument. Thus we are interested in
estimating
(30)

=y 2 . ZZA( )e( )A' gw(a ~ g)hw(m g,)f(——Za)W(—mx - %r) da.

d<D r=1 w

The big difference is in the upper bound for I, the calculation of the main term is almost
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identical to the previous calculation in Section 4. Indeed, we have

I=3 M Qd)— 3 AW 3> 2 )
<D v WX 4S0(f=1 b<X <X
w=wy(18) b=by(36) c=co(36)

2w+ec 4
Jrrh T awe(-L),
d<D u<Xx q
d|2w—b+c—2¢
0<t<qL
bte=2(u+t)

x A(B)A(C)AQw — b)A(

which is pretty much the same as (19). Note that d|2w—b+c—2/ is the same as d|w—b+u
inview of 5+ ¢ = 2u+2¢ and 2 }d, explaining the shift in the argument of the weight
function. This makes possible that the divisibility by d is passed to the summation over u
and can be handled by the Bombieri-Vinogradov Theorem, as far as D < (—k%%ﬂ, while
the summations over b and over ¢ are special cases of Lemma 3, exactly like in Section 4.
However the conditions # = b — wmod d, u = gmod ¢ and b = A mod g introduce the
condition g = 4 — wmod(q, d). This establishes a connection between g and 4, which
was not present in (21) or (21”). In spite of this extra connection the evaluation of the
“singular series” is similar to that of in Section 5, we can safely skip the details.

The treatment of the “minor arcs”, however, is different. First we list the fractions
in their lowest terms g, (h,g) = 1in (30). A given g occures for g|d and the attached
coefficient is

Ad
—- <L - logX.
d%:D d g
gld
We get
GD

N—”

[<logX Y 1 ¥ ZA(W)/llgw(a—g)hw(a+§)f(—2a)W(—2a——%:— Ida.

g<D (hg)=1 w

We choose M = M(15N + 5) given by Lemma 2. For any fixed g with g < Gy =
(log X)"N the classical case (D = 1) of Lemma 2 and Lemma 1 imply that

2h X v XO? X
- —) < W +LGo(log X)" + — K

f(—za)W(—za T < Gog
provided that O = (log X)**'*N and L = X(log X)"~2N=3. Parseval identity gives that

X3
X)N+l

We split the remaining range of g into diadic intervals of type G < g < 2G where
Go < G < D. As |W(a)| < 1 it is enough to show that uniformly in w < X we have

G  » v [

G<g<2G (hg)=1

ST TAm [ gw(a—-) w(a+§)f(~—2a)W(—2a )]da<<

g<G, & (hg)=1 w

GX?

gw(a-—g)hw< )f( 2a)|da<< ST
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This is essentially Lemma 2 of [H-B 1981] and requires only D < X'/2(log X)!3V*22,
Note that he had functions with rather special coefficients in place of £, g,, and 4,,, how-
ever nothing is used about the coefficients during the proof. Actually Sections 6, 7 and
8 of [H-B 1981] give (32) for any three trigonometric polynomials of length X with
bounded coefficients. The main tools of the proof are the Large Sieve and Lemma 3 of
[H-B 1981] which reflects an elementary property of the rational numbers.

8. Concluding remarks. We have expressed the (weighted) number of solutions
of (3) in three different ways so far, and the “reversal of roles” in Section 7 requires a
fourth one. It is clear that we can do this in many other ways as well. The general shape
of such an expression is

I A(a)A(b)A(c)A(Ala;lBlb)A(Azagzczc)

(33) ©be XA(A3a+lli‘;3b+C30)A(A4ﬂ+fl3;f+C4C),

where a, b and ¢ can denote any three of the seven variables, not only the three corners, in
contrast to the former convention. This is, actually, the weighted number of the solutions
of the system

Aja+Bb+0c =Dyw

Aza +0b+ CzC = D2V

Asa+ B3b+ Czc = D3u

Asa+ Byb + Cyc = Dyz.

(G4

In addition, remember that we did use very little about a, actually A(a) in (33) can be
changed to any function A*(a) with very mild growing and averaging conditions. The
method works for any system having the above structure, that is if after diagonaliza-
tion we ended up with at least two more zeros in different lines and columns. Note that
the method of [B 1992] for the first three equations in six variables required only one
additional zero.

We intend to detect the third equation by the circle method and approximate A(z) by
a sieve method. To this end we transform the last equation to

(A4C3 — A3 C4)a +(B4C5 — B3C4)b + CyD3u = C3Dq4z.

Whether we have to use the method of Section 3 (and get a P3) or Section 7 (and get a P;)
depends on how the condition d|(44C3 — A3Cy)a + (B4C5 — B3 Cy)b + C4Dsu affects the
three generating functions, correspond to the variables b, ¢ and u. If B4C3 — B3C4 = 0
then the method of Section 3 is applicable as only u is affected by d. The method of
Section 7 is, unfortunately, not applicable because (32) requires that the three generating
functions are shifted to three different places by the rational numbers g. This is exactly
the case when B4C3; — B3C4 # 0 (and B4C; # 0 is required anyway).

It turns out, that no matter how we write the number of solutions of (3) in the above

form, if we intend to use a sieve method for the center (z formerly) or one of the corners
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(a, b or ¢ formerly) then B4C3 —B3C4 = 0 in the corresponding system and the divisibility
condition affects two of the generating functions in an identical way. This is the symmetry
which blocks the application of Heath-Brown’s approach in those cases.

It is also worth mentioning that this is true on the other way around, if the divisibility
condition affects the three generating functions in three different ways, that is B4C; —
B;Cy 5 0 then we cannot use the (simpler, but less powerful) method of Section 3.
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