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THE ASYMPTOTIC DISTRIBUTION OF PRIME ELEMENTS

ADRIAN FELIX DOMINIK FELLHAUER

ABSTRACT. In this paper, many hitherto only conjecturally known distributions of prime ele-
ments are confirmed. More precisely, the author calculates the distribution of prime elements
when only prime elements satisfying either of the following conditions are counted: They lie
in a common arithmetic progression, they sum to a certain number with another prime, they
lie in the image of polynomial tuples of which the other images are also prime or they lie in a
comparatively small interval. The former two distributions are calculated in general arithmetic
monoids with the according unavoidable large error terms, whereas the second two distributions
are calculated using a different method, which yields better error terms if certain structural
requirements are met. (There is a certain redundancy, because the second method may be used
in place of the first.)
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THE ASYMPTOTIC DISTRIBUTION OF PRIME ELEMENTS 99

Definition I.1. An arithmetic monoidﬂ is a commutative unique factorisation monoid (cf.
Ruzicka [Rul8]) G with countably many (prime) elements (the set of which shall be denoted by
P) and a so-called norm | -|: G — R, on G with the properties

(1) 1} =1

(2) Vpe P:|p|>1
(3) Ya,b e G : |ab|] = |a||D]
(4) Ng(z) is finite for all > 0,
where

Neg(z):=#{pe€ P:|p| <=}.

The concept was discovered by John Knopfmacher, who explained it in his monograph Knopf-
macher [Kno75]. Familiarity with this book is not required for understanding what follows, even
though in fact some of the methods used therein are useful for obtaining precise error estimates
for certain asymptotics, as is shown in a subsequent paper of mine. The study of the distri-
bution of prime elements could also be carried out within the setting of Beurling primes (cf.
[Beu37]) because of the functor that sends an arithmetic monoid to the Beurling primes (|p|),,p
(see below for a norm-compatible well-order on P), but then the notation would become more
complicated.

Mostly, we shall concern ourselves with arithmetic monoids whose elements are distributed
such that Ng(z) is approximately linear with an error term of a power less than one, that is,
there is a constant A > 0 such that

Ng(z) = Az 4+ O(2°), § < 1. (1)

This requirement is usually denominated aziom A in the literature, cf. eg. Knopfmacher [Kno75,
p. 75]. The case when

Ng(z) = Azk + O(2°), § < p,
for an arbitrary g > 0 may then also be treated. since it is easily proven that in this case, we
may replace |-| by |-|* and then G satisfies , as Knopfmacher explained in his monograph
(cf. [KnoT75, p. 75]).

This first chapter shall treat the theorem of Rosser—Iwaniec [[wa8(] (namely, ),
which is based on previous work by Brun [Brul9], regarding the sifting of sums that will subse-
quently be necessary. The chapter will more or less follow Terence Tao’s lecture notes [Taol5],
adapting it to our setting.

Proposition 1.2. Let G be an arithmetic monoid with norm | - | and primes P. Then there
exists a strict well-order < on P such that for all p,q € P

p=<q=|p| <lql.

Proof. Since P is countable, there exists an arbitrary well-order of P. We now construct the
new order as follows: First, we partition P grouping together elements of equal norm, then we
order each class (ie. elements of the same norm) according to the previous order, and finally we
concatenate the orders of the classes ascendingly. O

In what follows, we shall fix such an order of the prime elements of the arithmetic monoid
in question. This order will not be unique if (and only if) there are two primes of equal norm.

IThis concept is usually called arithmetic semigroup, but since they are assumed to possess an identity, the
author feels that it’s better to refer to them as what they really are: Monoids.
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Thus, for the positive integers, it is unique, but for the Gaussian integers, it is not unique; in
fact, there are uncountably many possible choices.
What we want to do in this chapter is this: Consider the sum

where for each g € G an a, € C is given. This is what one would call an unsifted sum, and we
are not really interested in its value, which in most cases is easy to evaluate (a typical case, and
one that shall be considered below, would be a, =1 for all g € G). Instead, what we want to
evaluate is the sifted sum

>

lg|<@
98U g<p Bq

where for each p € P, the set E, is an arbitrary subset of G. For example, £, might be the
set of all multiples of p, and a, might be 1 for all g € G. Then the latter sum becomes the
cardinality of the set of elements g € G with |g| < z such that g is not divisible by any ¢ with
q<Dp.

In many cases, the techniques presented in this chapter yield a decent approximation of such
sifted sums when |g| is not too large in comparison to z. If ¢ is so large that |¢| ~ \/z, different
techniques are required; these shall be laid out in Section Il and Section III.

We shall now endeavour to derive a lower and an upper bound for the sifted sum. Using the
[verson bracket notation (cf. Knuth [Knu97, p. 32, eqn. (16)]), the sifted sum becomes

Z ag[g ¢ Up<qu]'

lgl<=z

The term [g ¢ U,_,FE,] may now be rewritten. Indeed, the following proposition (when applied
to the family of functions dependent on ¢ that arises when multiplicatively continuing the
expression f,(p) := [g € E,]) makes this possible:

Proposition 1.3. Let G be an arithmetic monoid, and let f : G — C be a function. If we define
Vip) =[] - f@),
q=p

then

Vip)=1->_ f(@V(g).

q=p
Proof. We use induction on p, using the trivial equation
[Ta=r@y= T —rle)a—fwm)
a=p q=<pre(p)
(where pre(p) shall denote the predecessor of p regarding <), expanding the last brackets and
applying the induction hypothesis to the first term of the result. O

Proposition 1.4. Let f: G — C be multiplicative. Suppose that for each square-free d € G we
are given a truth value A(d) € { TRUE, FALSE} with A(1) = TRUE. If we set B(p,-p,) =
Vk <r:A(py-pg) and if p € P, then

V) => (1Y flor-p)+ D (=D forp)V(p,)
r=0 PPy Pr r=0 p1-PrEE,.

B(p1-pr)


https://en.wikipedia.org/wiki/Iverson_bracket
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with the convention that one sums the empty tuple also, where

=py == p. & VE<r: Alp p)}
E. = p.€G: p 1 r 1 k)%
r {pl br & —A(p, -+ p,)

Note that the sums over r are in fact finite, because the chains p; > --- > p, cannot grow
arbitrarily large when p > p;.

Proof. This formula follows from taking m — oo in the more general formula

V(p)=mz Dy flp

r=0 p>p1>~ Pr
B(p1-pr)

DS 0V ()

p>p1 = Pm
B(p1-pm)

ZZf WV (p,)

r=0 Py p'reg

which is proven by induction on %1, where the induction step consists of applying

to all the V’s in the middle line. O

This theorem may now be applied to the functions f, that are the multiplicative extensions
of f,(p) := [g € E,] (note that the dependency of V' on f was omitted in the above notation).
In this case the formula

V(p) = [g ¢ Uq<qu]

holds, so that upon summing the applications of to each relevant f, and changing

the order of summation

00
Z gl9 & UgpEy] Z Z Z J9€E, »] (2)
lg|l<z r=0 PP *pr lg|l<z

B(p1-py)

+§:(—1>TZ Z aglg € By . 19 & Uy, Eyl-

r=0 pl"'preg'r‘ |g\§z

Here,
Ed = Epl m b ﬂ Epr

for a square-free d = p;---p,. And now we see the first purpose of our labour: suppose that
a, > 0 for all g € G. If we choose 416] ---p,.) so that it is true whenever r is even, the second
summand on the right hand side of [Eq. (2) will be non-positive, whereas it will be non-negative
if we choose A(p, - p,) to be always true when r is odd. This means that upon simply omitting
this summand, we obtain an upper resp. lower bound for the sifted sum.

In order to see the second purpose, we note that for a square-free d, the term

Xd = Z ag[g € Ed]7

lg|l<z

20ne such induction step is sometimes called a Buchstab iteration.
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which is found in the first line of , is in many cases rather simple. For instance, if a, =1
for all g and E,, := pG, then
Ng(z)
)(d -
|d|
where there is some error term that will later be small enough. But here, the function d ﬁ

is again multiplicative, so that we may work our way backward: neglecting the error term, we
have

+ error,

0o o)
1
(_1)TZ Z aglg € Epl'"pr,-] ~ Ngl(z) Z<—1)TZ op,|
r=0 PP Pr |gl<g r=0 2 TR 2 b1 by
B(py-pr) B(py+pr)

and now we may apply to the right hand side, and if the error term (ie. the

summand where the &,’s appear) is small, the result will be approximately equal to V (p)Ng (),
and an appropriate version of Mertens’ third theorem may then be used to approximate V (p).
Fortunately, there exists a choice of A that makes both error terms that ultimately occur
sufficiently small:

Theorem 1.5 (Brun-Rosser-Iwaniec). Suppose that f is such that the aziom

Vig) _ (I(p)\"
Vi) € <1n<|q|>> (p = co)

s satisfied uniformly in q; such an estimate follows in many cases of interest from Mertens’
third theorem®. Let p € P. Then

Z(—l)rz f(pyp,) =V(p)(1+ O (e (1-e)shls))),
r=0 p=p1=-Pr

B, (pypr)

where B, = B_(s) comes from an A, (s) resp. A_(s) that is suitably chosen among all “boolean-
valued” functions on G such that

o A, makes the error term in non-positive resp. non-negative, and
e B, (d) = FALSE whenever |d| > D(s) := |p|®.

Note that in the equation in the proposition, the sum on the left hand side is the main term
in [Proposition 1.4

Proof. In fact, we give A, (s) and A_(s) explicitly, and then prove that these choices are suitable
for our stated purposes. Our choice shall be thus: For p; > --- > p,., we shall choose

Ai(pl pr) = Hp1| |pr71”p7’|1+/8 < D]a

for a B € [1, s] to be chosen later, unless r is even (resp. odd), and then we shall set it to TRUE.
The paragraph below thus explains why the error term therein must be non-positive
(resp. non-negative). If now |d| > D, we write d = p; - p, with p; > -+ > p,; if then r is odd
(even), the predicate will be false, and because § > 1, also in the other case. All that is now
left to do is to prove the error estimate.

To this end, note that by the multiplicativity of f and , the error term within

the brackets takes the form

(1) V(p,)
;( 1)122 f(p1) - f(p,) Vi)

P1PrE€y

3We will see that Mertens’ third theorem holds if one imposes a certain condition on G.
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We now show that with a suitable choice of 3, this error term is as small as asserted in the
theorem statement. First, we note that we are restricted to the case r < s— 3, because otherwise
A_ is trivially true. Now, we derive an upper bound for the fraction of V’s in the error term.
First note that due to the theorem’s assumption,

Vip,) _ (In(p)\"
Vip) < (lnaprr)) ’

so that it is sufficient to give an upper bound of the latter expression. First, we derive a lower
bound for |p,.|, because then the denominator is large. Thus, suppose that p, ---p,. € &,.. Because
of the definition of &,, if ¢ < r has the same parity as 7, then |p;|--|p, ;||p,|**? < D, from
which follows that |p; |- |p,_1||p,|® < D for all t < r, regardless of the parity. Taking the 5-th
root, multiplying by D and dividing by (|p;| - |p;_1|)"®~"/?, this inequality becomes

B jteration 1\t
D S ( D > tci;o D > D(%) '
1]+ Py

pal 1Pl — \Ipal - e
But the definition of &£, also implies that |p,| - |p,_1||p,|'™® > D, so that we obtain
. kr
iy (sy | In(pl) (B
p|>DF /) S 5F) = < , 3
v in(lp,) < (51 ®

and from this and the triangle inequality we may infer that the error term is bounded by

> (i)kr > f) - fp,).

r>s— /8 PPl Pr
B p1PrE€y

The latter sum may now be bounded as thus:

> fpy) - flp,) < % ( Zf(@) < % (1n( [Ia —f(Q)>1>>

PP P <q= =g=
L Pr=q=p Pr=q=<p

= % <ln (“//%))))T < % (krln (%) + O(l))?

of course, we don’t compute any derivatives in order to obtain the Taylor series for —In(1 —x),
but use the formula ﬁ = % —In(1 — z), to the left hand side of which we apply the formula

for the geometric series and integrate. The last expression in turn may be bounded as follows,
using the trivial estimate " /r! < e” that may be read off the Taylor expansion of e":

(s

= (bt (ﬂgl) +0(1)) < (keln (ﬁ‘il) +o(3))

The integral definition of the logarithm shows that In(3/(5—1)) = In(8) —In(8 — 1) decays like
1/, whence we may choose (3 so that

r

on (52 +0 (1) (2) =

here, 3 ~ s'7¢ will do. The total error term then sums to

o () )
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which is easily seen to be acceptable upon choosing &’ adequately. O

1.2. Approximation and error functions for rough numbers. The prime elements have
a cumulative distribution function given by

mg(z) :==F#{p € P:|p| <z}.

Note that in this definition, a strict less-sign has been used. This is because later on, there is
a computation where 7 defined in this way is useful, and there is otherwise no disadvantage in
using this convention.

There is a related function, given by

me(@,y) == #{lg| <z :plz=pl >y}, (4)

where p denotes a prime element of G. This function equals the cardinality of rough numbers.
The equation (which certainly holds under the assumption of [Eq. (1))

Te(z, V) = 1g(z) + O(V) (5)

signifies that once one has sieved all primes up to \/x from the elements of norm < x, one is
only left with primes.

Another fundamental identity concerning the prime elements was found by Buchstab [Buc37]
in or before 1937:

Theorem 1.6 (Sieve equation for N). For all real numbers o > 3> 0,

m(x, x'/P) = mw(x, V) — Z ’R’(;,p) :

zl/e<pcal/B

Proof. When we sift the prime p, we remove precisely the elements gp where g is not divisible
by any prime smaller than p, such that |gp| < z. O

In this section, we are going to study relatively simple functions by which one may approxi-
mate the bivariate version of 7 (and related functions which describe, for instance, the number
of prime tuples). It is not surprising that we shall see that they are approximate solutions to
appropriate versions of [Eq. (5) and l heorem [.6. Each has its own advantages and disadvan-
tages:

(1) Buchstab’s approximation is separated in the two variables, but not very precise,

(2) the approximation presented in this paper (which has not been spotted by the author in
the literature and so is presumed new, even though its definition is very natural) is a bit
more precise, continuously differentiable almost everywhere and defined in an obvious,
natural way, but not separated in the two variables, and

(3) de Bruijn’s approximation is by far the most precise and smooth in all variables, but in
the author’s opinion, computing with it is somewhat more cumbersome than with the
one introduced in this paper.

1.2.1. Buchstab’s approzimation. Buchstab [Buc37] computed the following approximation to
the cumulative distribution function for numbers of a certain roughness, given by [Eq. (4)

(z, V) = go(a)lnf@ +o, (mfx)) C(a>1),0

In fact, this error term may be improved to O, (ﬁ), as will be demonstrated further on.
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where ¢ is defined inductively by the equation
a—1
o(z
o) =g+ [ Za
n—1

with the induction base being given by ¢(a) = 1 for a € [1,2]. Since then, it seems to have
become customary (cf. eg. [dB51a][p. 803]) to write the function ¢ as

p(a) = aw(a),
and under this equation the integral definition of ¢ may be rewritten as the following definition:

Definition 1.7 (Buchstab’s function).

{M®=i (a € [1,2])

in (aw(@)) =w(a—1) (a>2).

(6)

It is the function w and not the function ¢ which is now known as Buchstab’s function. It
rapidly converges to e as a — oo. First, we prove that Buchstab’s function converges very
quickly; the limit will then be computed in the subsequent proposition.

Proposition 1.8. There exists a constant A € R such that

1
Im+n>m%“%

where there is no implied dependence on k in the Bachmann symbol.

Proof. For o > 2 define

o)t~ 45 =0 (

M(a) = sup o' (B).

a<f<oco
From the definition of Buchstab’s function (Definition 1.7), we infer that for ¢ > 2,
, w(t—1) —w(t)
w(t) = A=, 7

whence the mean value theorem implies that M (¢) < M (t—1) and therefore M(t) < C/T'(t+1)
by induction.
Using the triangle inequality for the integral and the boundedness of w on the interval [2, o),

we obtain for o« > 2
C Pr(a+1)
< dt,
Fa+1) ), T(t+1)

B
|lw(a)® — w(B)k| = / kw(t)F 1w (t)dt

«

B a+2 ()
T(a+1 1 1
/ (O‘Hdtgur/ dt+/ St
a F<t + 1) a+1 t a+2 t

bl |
<2+/ —2dt<oo,
Lt

where

whence (w()),>2 convergesa. The constant C' does not depend on k because w is bounded away
from 1 on any interval of the form [a, c0) with a > 1; indeed, this follows from w’s convergence

5Tt follows from what has been proved that (w(a)),-, is a Cauchy net, and upon taking the limit 8 — oo and
using the triangle inequality, we see the convergence.
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and the mean value theorem, which, in conjunction with , yields ever smaller roots of
w'. O
Proposition 1.9.

lim w(a) =€,

a—o0

Proof. For this proof, we will use the integral definition of the logarithm. It is little known
though that the n-th harmonic number too admits an integral representation. Indeed,

n—(1-4)"
H:/ 7< ”> dt.
A t

n

This equation is proved as follows: First, note that

1 1
- = / o dx,
koo

n t geom. sum ! 1—a"
E = / ol T = / 7 dx.
k=1 0 k=1 o +—7T

Now all that is left to do is to transform variables according to the equation 2z = 1 —¢/n. From
this, we now deduce the following limit, which is essential to this proposition’s proof:

so that

ol

Y1 —et

lim
Tr—r 00

dt —In(z) = 7. (8)
0

Indeed, the function z + (1 —¢/x)* is non-increasing (which may be easily seen by computing
the derivative), so that by the monotone convergence theorem

T4t X< 1] — et
lim ! te dt —In(z) = / &dt
0

nE<1]—(1—1)"
:lim/[_]( ")dt
n—oo Jy t
= lim H, —In(n) = 1.
n—oo

Now for a > 2 we define the scalar product

(. g)a = /  F0o(tdt + agla)f(a 1)

on a suitable function space, for instance C(R), the continuous functions on R. Suppose that
the function x is a solution of the equation

ax’(a—1) + x(a) =0. (9)
Then from the definition of Buchstab’s function () we_may deduce without effort
that (x,w), does not depend on a by differentiating in a. But Elé :9) admits the explicit

solution

> Tet—1
x(a) := exp | —axr —x + dt
0 0 ¢
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on all of R; this may be seen by conducting an integration by parts, applying the product rule

to the function
-
e ' —1
T > x exp (/ dt) .
o t

Now it is easily seen that x(a) grows like 1/a as a — oo; this is because disregarding parts of
the argument of exp in the definition of y, we may easily achieve upper and lower bounds that
are simple shifts of the reciprocal function. Therefore, (x,w), equals the limit of w as a — occ.
On the other hand, applying ,

<X,w)2:/l ()dt—i—x —hm/ "(t—1)dt + x(1)

—hm —x(r )—h&)lrx (r—1)

* Tet—1
= lim —r/ exp (—ux + / dt + ln(x)) .
r}0 o o t

But the latter limit equals e™7, because the outer integral may be split in two, where the former
part is arbitrarily small, and the latter arbitrarily close to e~ because of Eé 18ﬂ O

The upper bound on the convergence rate given in is not optimal. A theorem

of Jurkat—Richert [JR65][p. 227, 5.13] states that

fwlo) o7 < 201

where p is the Ramanujan function, given as the continuous solution to the delay differential
equation

{up’(u —1)+pu)=0 (u>1)
plu) =1 (we0,1])’
which was introduced by Ramanujan [Ram20][p. 78] (cf. also one of the books of Andrews and
Berndt [AB13, p. 185, Entry 8.2.1]) as the function that satisfies
U(e,a"/?) = p(a)e +ofc),

where

Gz, y) = |[1a]\ [ N

P>y

de Bruijn [dB51b][p. 26, 1.8] proved that

e £(e) (s—1)e*+1

where £(a) is the positive solution to

e —1=af.

Combining this with the aforementioned result of Jurkat and Richert yields a sharper bound
on the convergence rate of w. Given the eminent position that Buchstab’s function occupies in
the theory of primes, it would be highly desirable to know its precise asymptotic behaviour.

6The first rigorous proof of this asymptotic is due to Ramaswami [Ram49].
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There is an analogue of Buchstab’s function for prime tuples. The function ¢ may be modified
to yield a function ¢, (k > 2) which satisfies

z+1

a—1 n
o) =om+k [ () e
n—1
This function will be used to approximate the number of numbers of a certain roughness less
than a certain size that satisfy a k-dimensional sum sifting problem as follows:

x
mp(a, 21/) ~ Cw%@%

where C'is a constant that depends on the problem at hand and may be determined by carefully

considering the respective sum sifting problem which is inserted into the Brun—Rosser—Iwaniec

theorem.

Asymptotically, ¢, (a) ~ ¢(a)F; indeed, first we show by induction and the approximate
identity ¢(a) ~ ¢(a—1) that the difference of the derivatives of the two functions converges so
rapidly to zero that the difference of the two functions itself converges to a constant, and then
we show that the constant must be zero.

It is prudent to also define

That the aforementioned expressions really do constitute approximations to the respective
prime counting functions will be proven in the next section for the one-dimensional case, and
later for dimension > 2. This is because the approximation functions introduced in this paper
provide an easy-to-use tool for doing so; indeed, one may show the accuracy of the approxima-
tions introduced in this paper, and then that Buchstab’s approximations approximate these in
turn.

1.2.2. The novel approximation. From the sieve equation () and the prime number
theorem, which implies that the density of the prime numbers around any ¢ > 2 is approximately

1/1In(t), we may guess that a better approximation to the number of numbers of a certain
roughness below z may be given by

W(ﬂ?,y) ~ hl(x,y>a

where h, is the bivariate function which is defined inductively by

)= [ et = va)

and

xl/n

hy(z,2Y) == hy(z,2'/™) +/

x 1
P (50t) ot
e P\t In()
for @ € (n,n + 1]. For_the case of polynomial tuples, there is a similar sieve equation, which
shall be derived in Section 2.2. From this equation, it is seen in the same way that a good

approximation to the rough number k-tuples is given by

hk(xay) = /@; ln(lt)kdt (y > \/E?l S N)a



THE ASYMPTOTIC DISTRIBUTION OF PRIME ELEMENTS 109

and

ml/n

1
Loy . 1/n z
hk(x7$ ) hk(I,l’ ) + k/xl/a hk (tat> ln(t)dt

for o € (n,n + 1].
The best approximation to the number of rough numbers was given by de Bruijn [dB51a],
who had had the brilliant insight to separate the product occurring in Mertens’ third theorem

from m: He wrote
n 1
m(zy) =z]] <1 - ) ¥(z,y),
k=1 |pk|

where n is such that p,, is the largest prime less than y, and then he gave

Py, y) ~ ln(y)e”/ y T uw(t)dt.
1

In this chapter, we shall nevertheless investigate the second type of approximation function,
because they are well-suited for a kind of algebraic manipulation that we will make use of. Yet,
since de Bruijn’s functions will be strictly necessary in the third chapter, the author believes
that the textbook proof of the propositions put forth within this paper will only use de Bruijn’s
function, because it minimises the total workload and yet proves all propositions of interest
to most readers. A secondary purpose of this paper, however, shall be the investigation of the
functions h,,, which the author feels to be of interest in itself. Moreover, the novel approximation
functions have close relatives which are well-suited as error functions and therefore yield a proof
of certain asymptotics. These relatives we shall define by the following two equations:

by (@, y) ==/ ln(lt)ldt (y >z, 1l €N)

and

xl/n

1
hy (@, 2/ = h, (z,xt/" —|—k/ h f,t ——dt
!/ = by 4k | b (5)

for a € (n,n + 1]. With these definitions, we have hy = hy ;, but we may choose [ > k, and we
shall see that hy ; is then well-suited as an upper bound for the error term, indeed for arbitrarily
large [.

Using induction, one may prove that

z T 1
th(l', Z) = hk,l(x’y) — k/ th (;;t) mdt
Y

whenever /z > z > y. In particular, setting z = \/x, we obtain

T

JZ
by (z,y) = hy (2, V) + k/y Py (;,t) lntt)dt (10)

for y < /.
Proposition 1.10.
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and

ox

-1 Vv 1 0h z ,
e T s TR, 1ot (5.0 mpdt otherwise

Ohy ln(lx)l (y > V)
(z,y) =
Y 1H(t)

Proof. The formulae follow from the fundamental theorem of calculus and the Leibniz integral
rule respectively, when applied to equation ([L(]). O

The following proposition describes the asymptotic behaviour of the functions h;.

Proposition I.11. Let o € (n,n + 1]). There is a constant C > 0 such that

N T x
hy(x, 't/ ) — @1,[(00 In(z)! < Cln(n)W,
where ¢y () =1 for a € [1,2] and
a—1 Py 1 -1
ou@=am+ [ 2D (1, 1 g,
n—1 z z

Proof. For a < 2, we first observe that integration by parts yields

t=x xT
1

o1 t
dt = l —dt
/Il/a In(t)! [ln@)l]t_wl/f // In(¢)H+1

which proves the claim for o < 2. For larger «, we set n = [a — 1| and use the inductive
definition of h:

h(z,z'/*) = @(n)ﬁ + R(z,n,n—1)

1,1/n

Ll ()

1/n

[ R ) )

where R is the remainder that by the induction hypothesis satisfies

x
R(ZL', «, n) S C ln(n)m
Using the equation

1/n

/ e tlri(t) = [In(In(t)))2,)2 = In(n) — In(a) <

(the inequality using the integral definition of the logarithm) and the asymptotics for the har-
monic series, we see that R(x,a,n + 1) satisfies the same constraints, and noting that

o (3) < 1

we may use the substitution
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to transform the former integral into the integral
-1

/na11 ¢liz> <1 4 i) anp)ldz’

which is precisely what we wanted to obtain. O

An alternative formula for the derivative of h with respect to its first variable is given by

1/n
oh,; 1 Oh Y10k sx 1
fay = Dy pym il (f t) — dt (a€ 1
x(a:,:c ) 8x<x7$ )+/1/a t Oz \t’/ In(t) (@€ (nn+1))
as one obtains by applying the Leibniz integral rule as well as [Proposition I.ld to the inductive
definition of h. From this formula one inductively deduces that this partial derivative is positive,

and as in the proof of [Proposition I.l]J one is led to the bound
on,
ox

(z,x'/*) < Cln(n)ln(m)l’ (11)

where a € (n,n + 1].

Up to error terms which are sufficiently small for our purposes, the functions h; satisfy the
two equations for m mentioned in the introduction (Eq. (5) and Cheorem Ia) In proving that
it is so, we shall assume the prime number theorem.

Proposition 1.12. Letl € N. For all y > /z,

ha(e,y) = by, /B) — haly, v/5) + O (

re)

and if y,z € [x¥/2, Y] (A > 2) st. y > z and r € N is arbitrary,

n(y)—1
T )\r+1x
>on (Zplnl) = tuoe) =z +0 (221

‘Pk‘

where
n(z) := min{n € N||p,| > z}.

Proof. The first identity is a consequence of the additive properties (both set-theoretical and
regarding functions) of the integral.
In order to prove the second identity, we write

n(y)—1 T Yo
2 in(gptnd) =[0G ano
It is evident that
Y €T v xT 1 Y T .
[ Gy = [ () gae= [0 () d -,

We apply integration by parts:

/Zy h(%,0) der— 1) = [ (5.0 (m(t) — Li(e)] by
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i (51

is proven by the chain rule, tProposition I.ld and lEq. (11)| to be

The absolute value of

x x

<Chn(\)——F= < CA—.

< Cln( )t2 In(x/t2)E — 7 ¢2
The claim hence follows from any version of the prime number theorem that gives a sufficient
number of logarithms. O

1.3. Mertens’ theorems in arithmetic monoids. In this section, we shall prove that Mertens’
theorems still hold in arithmetic monoids for which N (x) satisfies axiom A, ie. is approximately
linear in the sense of ; only the constant in the third theorem is not explicitly derived.
Fortunately, the proofs remain valid rather verbatim, with only few modifications being neces-
sary in order to account for the fact that we are working with an arithmetic monoid.

Proposition I.13 (Mertens’ first theorem). Suppose G satisfies axiom A ) Then

E:hﬂ?>:m@g+oay

[pl<z

Proof. In order to adapt the usual proof to our setting, we need a generalisation of the von
Mangoldt function A, because we shall make use of the equation

Ax1=1In(-B
Since the logarithm function is defined on the real numbers and not on G, we define for g € G

Alg) = {ln(\p\) if g =p*

0 otherwise

as did Knopfmacher [Kno75, p. 40, (Viii)].E The function Ng(z) is right-continuous and non-
decreasing, whence we may Stieltjes integrate with respect to it, and if we apply integration by
parts, we obtain

=0(x
= =Az+0(z9) ’T/L
_ _ 5 N Ne(t)
S in(lgh) = [ In()dNG () = In(@) Ng) d
oG 1/2 12t

= Azln(z) + O(x).
On the other hand,

Y l(gh= Axlg) = > AMd)=) > [dgA(d)

fi<e sk fi<e 9 or<e 46
= D ldlglAd) = A(d) ) _ldlg].
<G i dea oi<e

"The absolute value is necessary in our setting because the logarithm is defined on R, .
8Note that we don’t need another notation for this new A because the old one is the case G = N.
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But the multiples of d of norm less than or equal to x (which is precisely what the very last
sum represents) are of the form dh (h € G), where h must satisfy

\dmsmmmﬁ

>l = () = 475+ ((\21)6)

lg|<w

whence

Whenever |d| > z, the number of multiples of d that is less than or equal to x is zero, because
it is easily proved that the axioms required for an arithmetic monoid imply that the norm of
every element of GG is > 1.

Now, using integration by parts as before it is not difficult to verify that for 0 < g < 1

> o = 0. (12)

deG
|d|<z

In the computation one has to use at one point that there are only finitely many elements of G
of norm less than a given number in order to bound the remainder terms.
Therefore,

Az Z = :c5 1-0) +ZA Zd!g AzIn(z) + O(x).
i G "

Cancelling x, we get
A(d
g |El]> =In(x) + O(1).

deG
|d|<z

Ad) _ <~ Infp)
2T T 2 T O

deG
et Ip|<z

But

since a complement-finite subset of the summands appearing in the remainder term is bounded
from above by a multiple of
Z | d|1 1711.5°

deG
which integration by parts demonstrates to be finite. O

Exercise 1.14. Prove that if axiom A ) holds, then

1
o There exists 7o € R such that Z — = Aln(z) + v + o(1), and for f # 1

i |d]

|d|<z

o > df = xﬁ+1 + O(zP19).
fdi<e

Theorem I.15 (Mertens’ second theorem). Suppose G satisfies axiom A ). Then
Y = =In(n(z)) + O(1).
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Proof. The usual proof carries over without modification: Set

In
S(z) =3 |(Z|f|")

|pl<=

and calculate (using the previous theorem)

o _ S(=) TS(t)
2 = /1/2 no ™Y = ) +/1/2 tn(e)2

p|<z
= In(In(x)) + O(1).

0

Theorem 1.16 (Weak Mertens’ third theorem). Suppose G satisfies axiom A ). Then
there exists a constant C' > 0 such that

1 C
I (1_) - Y o).
U5~ nw

Proof. As in the proof for N, we use

1“<H(1 |p|)> S (1)

lp|<z lp|<z

from the Taylor series of the logarithm we get that

Suw(iop) =X

pl<e 2 el "
because
S0y
k=2 kot |p |
converges as an alternating series of terms that converge to zero. Now we can apply
-I 15 O

II. PRIME ELEMENT DISTRIBUTION IN GENERAL ARITHMETIC MONOIDS

2.1. Prime elements within congruence classes. In this chapter, we shall demonstrate
the usefulness of the analytical bivariate approximation function by proving an equidistribution
result for primes among so-called arithmetic classesd.

Definition II.1. A partition of G into arithmetic classes is a partition of GG into finitely many
classes 'y, ..., Cy such that the operation

[a][b] = [ab]

([a] denoting the class containing a) is well-defined and turns the set {C}, ..., Cy} into a group.
The cardinality H € N of this group is called the class number.

9Knopfmacher [Kno75, p. 251] speaks of “arithmetical formations”, but since the term formation usually
includes every kind of regular shape, it seems inadequate to the author.

10por instance, GG could be the ideals of an algebraic number field, which are partitioned into the ideal class
group.
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We define
m(z,y;C):={geC: gl <xA(lpl<y=p1t9)},

and it is not difficult to prove (by considering which numbers precisely are sifted when multiples
of p are removed) that for y > 2z > 0

Ao 0) =l 50) - ¥ 7 (Lombiie).
z<|pl<y
Consequently, if we define the maximal discrepancy

A — -0 — o4
(z,9) r&%};\ﬂ(%% ) —m(z,y;C")],

the triangle inequality implies that

Alz,y) < Alw,z)+ Y. A(x,]po.

z<|p|<y Pl
In addition,
m(2,y);C) = 7z, V2;C) — 7y, Vy; C) + O(Vz).

Therefore,

A(z,y) < Az, V) + Ay, vy) + O(WVa). (13)
In what follows, we shall assume axiom A*, which states that if

Ne(@) =={g € Gllgl <z Az e C},

then

Ne(a) = Y8 4 o) = 42 1 0(s),

where A > 0 is the constant from axiom A and H is the class number. Further, when considering
several partitions of G into arithmetic classes, we shall assume that axiom A* holds uniformly,
and further that

H < g9

where ¢’ > ¢ is fixed. We now want to apply the Rosser-Iwaniec sum sifting theorem. We
choose

H
g = Z]]'C(g)

as the summands. The first error term (the one coming from approximating the X,’s by a
simple function) is then bounded as follows:

Zrd < Haf Z W <« HzOD'0 « 1=+ p1-9,
d<D d<D

The Rosser-Iwaniec theorem with s = In(In(x))/m for a sufficiently large power of m then yields
a B > 0 with

A (J,', xl/(ln(ln(m))+)\)) < B/Hefa(ln(ln(z))wL)\)hl (.ﬁU, xl/(ln(ln(z))+)\)>
for sufficiently large = and arbitrary [ € N, A € [0,1] and o > 0. (The expression on the right

basically equals by a large power of In(z), but the reason for this complicated expression will
become apparent shortly).
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Proposition I1.2. For all « <In(In(x)) 4+ 1 and sufficiently large x,
A 1/2
Ale,al/) < {BBHhxx,x ) (o€ [1,2)

B%e*”m*l)hl(x,xl/a) ’
where o is to be chosen later.

For all « in the given range we obtain a uniform bound on A provided that the class number
is bounded by z to a power < 1—4§’. Additional strength may be gained by assuming a stronger
version of axiom A*, namely

Ng(z)

Ne(w) = Y8 1 o),
where € < §, because in this situation the sum sifting problem may be carried out with N (x)

in the place of z. This means that we only have to assume that §’ > ¢ in order to get a uniform
bound.

Proof. We have already proven this when « € [In(In(x)), In(In(z))+ 1] and z is sufficiently large.
For a € [3,In(In(x))], we proceed as follows: We have

Az, 2V*) < Afz,zt/ )+ 3" A (‘T Ipl) ,
1:1/(‘1+T)§|p‘<131/a |p|

where 7 € [0,1] is a parameter. We induct along the real line from In(In(x)) downwards. We

know already that
A(:U, $1/(a+7)) < efa(omLTfl)hl(w’ xl/(oHrT))’

from which we gain a factor of e=?7 (which is small enough if o is big enough. dependent on 7
to be chosen below), and by induction on x and the asymptotics in éroposition 1.11

S a(Zulbl) ~ alar - al@)s

ml/(a+7))§‘p|<w1/o¢

where by the integral definition of ¢, the difference ¢,(a + 7) — ¢;(a) is < 2!7¢,;(a), so that if
7 is sufficiently small, here too a sufficient factor is gained Given this 7, we are now able to
choose o sufficiently large; eg. such that e™77 < % apr(loz 7 , if 7 is such that the sum of the latter
term and 2'7¢p;(a) is < 1.

If now a < 3, it may happen that

x

Il
is a power of |p| that is less than 2. In this case, we don’t have the nice bound

T
Bh 7p>7
l<|p| !
i
Bh( )
“\pl”V Ipl

Thus, we have to use Mertens’ second theorem in order to bound the difference between
the bound induced by these two bounds, and only then apply the argument that we used
in [3,In(In(x))].

but instead the worse bound

HNote that a larger o will lead to a larger constant B, since the Rosser—Iwaniec theorem is only valid for
sufficiently large x, increasingly depending on o.
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Finally, for a € [1,2], we simply use .
In order to show that the induction on x does not terminate, we note that for a given z, we

need information up to

1——1
' Wn@) —:
n(ln(z)) —: y’

whence from y we gain information at least up to

In(In(y)
yln(ll)(y))—l .
Since the equation
In(In(y))
y — yln(ln(y))fl
is not solvable for y > 1, the induction does not terminate. U

2.2. A general linear sieve equation. In this chapter, we assume that G is a semiring.
Suppose then that aq, ..., a,, are elements of G. We define

. gl <z—w& Vpe P, |p|<y:
W(az,y,al,...,an,w)-—#{gEG-VkE{17”.,71}:%%9 mod p [~

This quantity occurs naturally in the sieve equations for several quantities. For example, the
expression

7T(£C, \/57 Oa _27 0)
equals the number of twin prime pairs in the interval [\/z,x 4+ 2), and the corresponding sieve
equation is given by

W(IE,\/E,O, _270) = 77(1'7.7%07 _270) - Z ™ <§,p’> .

y<|p|l<z p

Hardy and Littlewood [HL23] and Leonard Dickson [Dic04] conjectured asymptotic formulas
for 7 in certain special cases, and it turns out that they are all correct. Some formulas of Hardy
and Littlewood concern non-linear polynomials, but to the best knowledge of the author, they
only yield to the techniques of the next chapter.

This quantity has many important special cases. For instance,

7T($7 \/Ev (07 _2)p)

approximately represents the number of twin primes up to z, whereas 7(z, v/, (0, ), ) represents
the approximate number of representations of x as the sum of two prime numbers.
For these functions, the following two equations hold in analogy to the simple rough numbers:

Tr(x’ y7 a17 )a'ru w) :71'(1" Z, al? ,(In>

n
x 4 3 ak>
- T\ —DP,P A1y.eeys P "Qpy ..., A 7w+7 )
> S (Zata s

2<p<y k=1

where the hat denotes omission and the ~! sign is understood modulo every prime occuring in
the definition of m(-,-,-) separately.

We may apply the exact same proof as in the last chapter in order to show that for w
sufficiently small compared to x

x
7T<£C,581/a, Aqy ey QW) ~ p(a)”
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only replacing the discrepancy A by the difference between 7 and the generalised de Bruijn
function (see also appendix [Al)

0 (y*,y) :== e In(y) /1 ytw,(t)dt.

This is because 6, is an approximate solution to the idealised equation

h
0 (y*,y) = /1 01y, y7 ) AWy (o) + 0, (y*, y") (1 — Wy (R))

with

Wy(o) =1— ];ié?v P(y) = H (1 i )

Ipl<y Pl
ct. de Bruijn a, p- .|), as 1s shown by computations analogous to those of de Bruijn.
f. de Bruijn [dB51 807f is sh b i 1 h f de Bruij

III. PRIME ELEMENTS IN ARITHMETIC MONOIDS WITH ADDITIONAL REGULARITY

It may be prudent to introduce here a second equation concerning 7 (x,y). It may be stated
as

Vy >V w(z,y) =z, V) =7y, Vy) + O(Vz)

or more precisely as

7T<$7 y) = 7'('(337 \/5) - 77(3/7 \/@) + 77(\/57 $1/4> - 7T<\/?j, y1/4) + etc. (14)

for y > /x. This equation expresses the facts that for y > /z, 7(x,y) represents the prime
numbers between y and x, so that we may obtain 7(z,y) by taking the prime numbers between
vz and z, then removing the prime numbers between ,/y and y and then adding what was
removed in excess (and so on). Please note that this sum is finite, because if

2% <2 e n > log,(log, (7)), (15)

the (n + 1)st term will be 1 —1 = 0. (The reason why we don’t use the simple prime counting
function here is that the bi-variate function we use above may be directly approximated by sum
sifting when the second argument is sufficiently small.)

Subsequently, it shall be necessary (or if not necessary, then at least convenient for the
computations) to generalise these two equations, using a generalised version of the function
m(x,y). To this end, we consider for a fixed n € N the set

Sn = {(cl,xl, ...,cn,xn)]Vk te € Ry > 0}

T:= U S,

neN
It is obvious that these form topological spaces (the latter with the final topology), are closed
under addition and are subspaces of a suitable R?” or R* resp., but we shan’t be concerned
with that at all in what follows. For us, the following definitions shall be of importance:

Definition ITI.1. Let

and also their union

V=1(C1, @1y s Cppy Ty )y W = (C1y Yps oo s Cpps Ypy) €S, C T
it is of great importance here that the oddly indexed places coincide, and that further

Vke{l,..,n}:x, <uy,.
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Then we define

/ a()db(t) =Y ey / " a(t)db(t),

k=1 k
where a and b are functions such that the Stieltjes integrals on the right hand side are all
defined.

Definition ITI.2. Let
V=1(C1y@1y ey Cpy Ty )y W = (C1y Ypy oo s Cps Ypy) €S, CT
and this time assume the reverse inequality
Vke{l,...,n}:z, >vy,.
Then we define

7'['(1), ’U)) = Z Ckﬂ-<xk7 yk:)
k=1

Further, for v and w as in the previous two definitions, we define the functions

T'(’U) = (Clv \/xil? e Cna \/ﬁ)a

s(v) == (cl,:c}/g’, ,cn,x,ll/S),
fo,w) = (fi(er, m1,91) X X f1(Cn: Ty Yn),s
foler, @y, yp) X X fylen, 0, yp))
u(v, z) = (¢1,2,...,¢,,2) (z>0) and
mi2(v, w) := (¢y, min{xy,y; }, ..., ¢,,, min{z,,, v, }),

where x denotes tuple juxtaposition and
file,z,y) == (c,z,¢,y,...,c, /2" yt/2™)
Fale,z,y) = (e, VX, ¢, /g, e a2yt 2
where in turn
m := |log,(log,(x))] .
With these definitions, we may formulate the equation upon which this entire writing is

based:

Theorem III.3 (Iterated augmented sieve equation).
mi2(w,r(v))

m(v,w) = m(v,u(v,z2)) —/u(v,z>

mi2(w,s(v)) 1
—/ ™ (f <7v,u(v,t)>> dm(t).
mi2(w,r(v)) t

Proof. Equation [14 shows that
m((c,2,y)) = 7(f((c,2,9)))

whenever y > /z. Thus, the claim follows from splitting the sum of the basic sieve equation in
two at the splitting point z'/3. O

. <1v,u(v,t>> dr(#)
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3.1. Integrated sum sifting. The equation formulated in the previous section allows for the
fruitful application of sum sifting. To this end, we consider any integrands

™ (f’f (tl 1 e u(v, t ---tn)>)

that arise from the repeated application of said equation. To these integrands we may associate
a sifting problem dependent on the ¢,’s, and importantly, the error terms may be integrated
over the t;’s, whence they easily cancel to yield an acceptable error term.

The number z has to be chosen sufficiently small (ie. z = 2/ with o a multiple of In(In(z))
as in the previous paper) in order to gain the usual logarithmic error term. One may even be
so bold as to choose o ~ In(z), but obviously one has to divide by an appropriate large (but
fixed) number in order to keep the tree size at an acceptable z° for the desired € > 0. The
approximants for the “blocks” of sieve problems (whose error terms are evaluated cumulatively
in order to achieve cancellation) are given by the respective differences between the respective
de Bruijn approximations.

This method may also be used for number fields, utilising the formula for ideals below a given
norm given by the geometry of numbers.

3.2. Multi-dimensional problems. In order to attack problems such as the one considered
in Bateman-Horn [BH62|, one must realise that the classical sum sifting methods will yield the
usual bounds in this case as well, so that we may speak of the applicability of the sieve. But in
this situation, it is necessary to sift the interval [1, x| for the numbers n such that a given small
prime p is a divisor of f;(n) for some j <[ where [ is the number of polynomials. Therefore, we
must stray from the classical path of letting £, be a union of residue classes mod p. Instead,

B, = {n3j <1:plfy(n)}.
Furthermore, a multi-dimensional analogue of the de Bruijn approximation is to be used, with
w being replaced by w;,.
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APPENDIX A. PROPERTIES OF DE BRUILIN’S FUNCTION

In this appendix, we shall consider an approximation to de Bruijn’s approximation function
given by
T . 1 “ t k dt:
(T, y) = W/l y'w(t) dt;
here and in what follows, we shall utilise the notation x = y®, which makes it unnecessary to
substitute v = log, (x) each time.

The transformation of variables ¢t = logy(s) shows that for 1 < o <2

Tk(m,y):/ ln(ls)kds'

This means that the functions T}, equal the functions h; whenever z >y > /x.
When o — oo, then T} (x,y) converges rapidly to e *7:
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Proposition A.1. For every ¢ € (0,1)

x

In(y)

x

T — ek e
K(z.y) —e F(cv+1)

L, ¢+

Proof. We split the integral that defines T}, in two:

T.(z,y) = m(yl)kl (/1w yhw(t)rdt + /j y’fw(t)kdt) .

In order to make any sense of both parts, we first note that

b

/ - Lny<;>]a

Thus, the boundedness of Buchstab’s function (indeed, it converges by and is

continuous on [1, 00), whence bounded) implies that the first part of the integral is bounded by
Eroposition 1.9

O(z°¢). For the second part, we note that Proposition I.§ and

imply that

A

whenever ¢t > ca, so that the second part of the integral is bounded as desired, where each
of the terms resulting from the fundamental theorem of calculus is absorbed into one of the
summands of the claimed bound. (]
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