ON THE PAIRWISE MAXIMA OF GENERALISED DIVISOR
FUNCTIONS

JULIO ANDRADE AND KEVIN SMITH

ABSTRACT. In this paper, we prove the asymptotic growth rate of the summatory function
of the pairwise maxima of the generalised divisor function di(n), for a fixed positive
integer k > 2. This result generalises previous results of Katai, Erdés and Hall on the
local behaviour of divisor function on short intervals.

1. INTRODUCTION

Let n be a natural number and let d(n) denote the number of divisors of n. Katai, in
his paper [4], studied the local behaviour of the function d(n). In his paper he proved that

(1.1) Zmax{d d(n+1)} = 2zlogz 4+ O(z(log ) %),

n<x

where ¢ is a suitable positive constant.
In their paper [2], Erdés and Hall determined the following asymptotic for the local
maxima of d(n):

Theorem 1.1 (Erdés—Hall). If h = o((log 33)3*2\/5); then
> max{d(n),d(n+1),....d(n+h—1)} = halogz + O(h*x(log 2)2(V2-1)y,

n<zx

(1.2)

In the case h = 2, equation (1.2) reduces to

(1.3) Z max{d(n),d(n + 1)} = 2zlogz + O(z(log x)Q(‘/i*l)).

n<x
Although the authors do not state this explicitly, with slight modifications their proof of
Theorem 1.1 also provides us with

(1.4) S max{d(n),d(n + h)} = 2xlogz + O(x(logx)*V> 1)

n<x
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for fixed values of h.
In this paper we generalise (1.4) for fixed values of h and k by considering the relation

> max{dp(n),dp(n+h)} = > dp(n)+ > dr(n+h) = min{dy(n),di(n+ )}

= 2 di(n) = > min{dg(n),dp(n+h)}
+ ) di(n) =D di(n)
r<n<z+h n<h
(1.5) = 2 di(n) + Ex(z, h).

Our main result is Theorem 1.2 below, which is proved in Section 3.
Theorem 1.2. If h and k are fized, then

(1.6) Ex(z, h) <pp v(log z)2VE-D

as x — o0.

By using the well-known asymptotic formula for the summatory function of d(n) [8, p.
263], Theorem 1.2 states that if k > 4 and h a fixed number, then

(1.7) Z max{dk(n), dk(n + h)} = (k‘ _2 1)!$(log gj)kil + O(a:(log w)kfz)

n<x

and for £ < 4 we have that

z(log 2)*~1 + O(z(log $)2(\/E_1))

(1.8) Z max{dy(n),dr(n +h)} =

n<x
as r — OQ.

2
(k—1)!

The main difficulty is that the approach of Erdés and Hall [2] breaks down for dg(n)
if k& > 4. Therefore new ideas are necessary to generalise their results. To overcome
such intricacies we use a theorem by Nair and Tenenbaum [5] to obtain a bound on certain
averages involving dy(n) which turns out to be sufficient to establish the asymptotic formula
above. In Section 2 of the paper we discuss the method of Erdés and Hall and why it breaks
down when we try to generalise to di(n). In Section 3 we prove Theorem 1.2, which is the
main result of this paper.

2. THE METHOD OF ERDOS AND HALL

In this section we briefly describe the method of proof of (1.4) used in their paper [2],
and how it must be modified to establish Theorem 1.2. Note that d(p®) > d(p®~') for
a > 1. Since y/d(n) is multiplicative, we have
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(2.1) V(n) =) f(d)
din

where

(2.2) F™) =Vg(p*) — Vg(p*~1) >0

for « > 1 and f(1) = 1.
The method of Erd6s and Hall begins by using the simple facts that

(2.3) min{d(n),d(n + 1)} < +/d(n)d(n+ 1)

and

(2.4) S Vamdn 1 =33 fd) 3 fe),
n<zx n<z dln e|n+1

and a crucial step of their proof establishes that there exists a constant C' such that

(2.5) Vam) =Y r@<c Y 5.

dln din
d</n

To establish (2.5), the authors observe that

2 2
(2:6) dZ OES e dz f(d)logd < logn%;f(d) log d
d>y/n d>/n

for any multiplicative function f satisfying f(1) = 1, so to prove (2.5) it is sufficient to
establish the existence of a ¢’ < 1/2 such that

(2.7) > f(d)logd < C'logn»  £(d)
din dln
because by (2.6) we then have
(2.8) ST ) < o 3 ()
G £l

However, we can prove that
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Lemma 2.1. For a multiplicative function f satisfying f(1) =1, let

(2.9) Vo(n) =" f(d),

dln

then there exists a constant C' < 1/2 such that

(2.10) > f(d)logd < C'logn >y f(d)
dn

dn

if and only if there exists a constant C" > 1/2 such that

(2.11) 9) < e DA 9)
7=0

for every p and every a > 1.

Proof. By logarithmic differentiation of

(2.12) > / (f)

dln

one finds that

(2.13)

D f(d)logd flp) +2f (%) + - +af(p
I 2 <1 I RN Rt f(p“)) ogp

From (2.13) it follows that the existence of C’ in (2.10) is equivalent to

p*||n

(2.14) ij(pj) SC/osz(pj)

for every p and every a@ > 1. By (2.2) and some elementary analysis, (2.14) reduces to
(2.11). O

Erdés and Hall prove that (2.11) holds when g(n) = d(n) so Lemma 2.1 applies. This
gives a non-trivial estimate of (2.4) which implies Theorem 1.1. However, the following
dilemma arises.

Corollary 2.2. The growth constraint (2.11) does not hold for g(n) = di(n) when k > 3.

Proof. Since di(p’) = (j+l;_1), we observe that



ON THE PAIRWISE MAXIMA OF GENERALISED DIVISOR FUNCTIONS 5

(2.15) (Z) > ;;1/<3§j>,

so (2.11) fails for g(n) = d4(n). Similar arguments show that (2.11) fails to hold for any
k> 4. U

It follows from the previous corollary that Erdés and Hall approach does not apply for
di(n) for k > 4. We will remedy this in the next section.

3. A PROOF VIA THE THEOREMS OF NAIR-TENENBAUM AND SELBERG-DELANGE

In this section Theorem 1.2 is proved by establishing a suitable bound for the l.h.s of
(2.4) via Theorem 3.1 below, which is special case of a very general theorem of Nair and
Tenenbaum [5] (Theorem 1 therein).

Let Q(n) denote the number of prime factors of n counted with multiplicity and let A
and B be positive constants. Also let « > 0 and € > 0 be quantities which may be taken
to be arbitrarily small.

Theorem 3.1 (Nair-Tenenbaum). If Fy, Fy are non-negative arithmetic functions satis-
fying

(3.1) Fi(m)Fs(n) < min{ A% B(e)(mn)}

whenever (m,n) = 1, then

(3.2) > ROBOH) €anne ol D G0

r<n<z+y mn<x

uniformly for x* <y < x.

From (2.3) and the fact that for fixed h the sum

Z dp. (n) <p,k Max dp. (n)

n<z+h
r<n<z+h -
<k X log(xz+h)/ loglog(z+h)
(3.3) <pg x°008k),

it follows from (1.5) that to prove Theorem 1.2 it will be sufficient to prove the following
proposition.

Proposition 3.2. For fixed h and k we have

(34) Z dr(n)dg(n+h) =0 (x(log x)Q(ﬁ*1)>

n<x
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as r — Q.

Proof. Take Fi(n) = F»(n) = /di(n) in Theorem 3.1, so that Fy(m)Fy(n) = /di(mn)
when (m,n) = 1. To begin, we must verify that (3.1) holds in this case, i.e. that

(3.5) di(n) < min{ A% B(e)n}

when n is squarefree. Since di(p) = k it follows that dj(n) = k™) so we have A = V/k.
Since Q(n) = O(logn/loglogn) as n — oo it follows that k™ < B(e)n¢ for every e > 0,
o0 (3.5) holds in this case.

For o > 1 let

(3.6) Di(s) =) =

By the quantitative version of Perron’s formula—a general proof of which is given in Titch-
marsh [8] (Lemma 3.12)—one now observes that for 6 > 0, £ > 2, " > 0 and x not an
integer we have

1/2 1/2 i s
Fi(m)Fy(n) dk/ (m)dk/ (n) 1 o+ TDQ( x3ds
) =y A = i(s+1)
es mn res mn 21 Js_ir S

+ O <9§D,§(5 + 1)>

+ O 1Og$max—2dl/2

n<2x N

(3.7)

The remaining steps of the proof essentially follow the methods of Selberg [6] and Delange
[1], which enable the integral on the r.h.s of (3.7) to be estimated. This proceeds by
evaluating the integral along segments marginally above and below the potential branch
cut (—oo, 0] and using Hankel’s integral representation of I'(s).

The first step is to observe that

(3.8) Di(s) = Hi(s)¢?*' (),

where Hp(s) has an absolutely convergent Euler product on compact subsets of the half
plane o > 1/2. As such, for fixed k, |Hk(s)| is bounded above and away from zero on
compact subsets of the half plane o > 1/2. Moreover, due to the simple pole of ((s) at
s =1, from (3.8) it is evident that (—oo, 0] is a branch cut for D2 (s + 1) whenever k is not
square.
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Given € > 0, one takes the path of integration in (3.7) to consist of horizontal segments
from § —iT to —9 —iT and —§+1iT to § +4T, vertical segments from —§ —i7T to —§ —ie and
—0+ie to —d+14T, and a truncated Hankel contour (a path from —§ —ie to —d +ie passing
around the cut along the segment [—¢,0], but not crossing it). From (3.8), the bounds on
|Hy(s)| and the elementary fact that ¢(o +it) = O(t'=7?) for ¢ > 0, it is immediate that
the vertical segments of the integral are

[ e 1 2(s + 1)ads

_ 1/2
‘ g TR,
27 J _syie s

(3.9)

and that the horizontal segments of the integral are

(3.10) s BOTIRP L

1 /‘HiT Hy(s+ 1)(2]“1/2 (s+1)x*ds
2mi J _syir s

Taking T = 2% and § = k~1/2/8, the r.h.s. of (3.9) is

(311) x_é(x26)45k1/2 — $_6+862k1/2 _ x_5+k71/2/8 -1

and the r.h.s. of (3.10) is

(3.12) wé(x2§)45k1/2_1 _ x_5+852k1/2 _,

so (3.9) and (3.10) are bounded as x — oo for fixed k.
Moreover, with these choices for § and T', the first error term on the r.h.s of (3.7) is

1
(3.13) %Di(é +1)=2D20+1) < a?

which is bounded as z — oo for fixed k. The second error term on the r.h.s of (3.7) is

1 1
og r max — Z dli/Z(d) <p 17726 IOgZC(k + 1)Clogaz/loglogx

(314) < g 20+Clog k/log loga:’

which is also bounded as x — oo for fixed k.
For fixed k then, it follows that

(3.15)

42 (myd*(n) 1 ) v5ds
> mn_Qm'/H(k’E) Di(s +1)—— + Ox(1),

mn<z
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where the path of integration H(k,e) is from —k~%/2/8 —ie to —k~'/2/8 + ie and not
intersecting the half line (—o0,0]. Invoking (3.8) and the fact that ((s) has a simple pole
at s = 1, one may expand Hy(s + 1) in a power series about s = 0 to give

(3.16) Dis+1)= > eus" 2" 1 O4(1)
n<2k1/2

so the r.h.s of (3.15) is

(3.17) 3 % /H

otk g Or(1).
n§2k1/2 )

(ke

Making the change of variable s = z/logz in (3.17) then gives

- 1 2k1/2_p
(3.18) Yy € (log )

neam/? 21

/ ezzn—2k1/2—1d2+0k(1)’
H(k,e,x)

where H(k, ¢, 2) indicates a path of integration from —k~1/2log #/8—ielog z to —k~/?log x/8+
ielog x and not intersecting the half line (—oo, 0]. Taking ¢ = o(1/logz), the path H(k, €, x)
approaches a standard Hankel contour H as x — oo therefore, using Hankel’s identity

1 1
1 e z fsfld
(3.19) T(s+1) 2mi /H €z %

in (3.18), from (3.7) we now have

v A s el
mn<z mn n<2k1/2 F(2k1/2 —n+ 1)

(3.20) —- O, ((1og S ) :

Thus, (3.20) and (3.2) together give

(3.21) > 4 00d 0+ h) <n yloga) XD

r<n<z+y

uniformly for z@ <y < z.
To complete the proof of Proposition 3.2 we take y = 2 = 271X successively in (3.21)
and sum over the range 0 < m < logy X, which gives
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Soex 40 (1) S g ( [ (m— 1o 2) 2k1/2-1)
h.k B p——
X(IOg X)z(kl/Qil) 0<m<log, X log X
(3.22) <pk 1
as X — oo. O

Acknowledgment: We would like to thank Professor Zeev Rudnick for suggesting that
the results of Nair and Tenenbaum could be used to prove the main result of this paper.
We would like to thank an anonymous referee whose comments and suggestions helped to
improve the presentation of the paper. The first author is grateful to the Leverhulme Trust
(RPG-2017-320) for the support through the research grant “Moments of L-functions in
Function Fields and Random Matrix Theory”.

REFERENCES

[1] H. Delange, Sur les formules dues d Atle Selberg, Bull. Sc. Math. 2 série 83 (1959), 101-111.

[2] P. Erdés, R.R. Hall, Values of the divisor function on short intervals, J. Number Theory 12 (1980),
176-187.

[3] R.R. Hall, G. Tenenbaum, On the local behaviour of some arithmetical functions, Acta Arith. 43 (1984),
no. 4, 375-390.

[4] L. Kétai, On the local behaviour of the function d(n) (Hungarian.) Mat. Lapok 18 (1967) 297-302.

5] M. Nair, G. Tenenbaum, Short sums of certain arithmetic functions, Acta Math. 180 (1998), no. 1,
119-144.

[6] A. Selberg, Note on the paper by L. G. Sathe, J. Indian Math. Soc. 18 (1954), 83-87.

[7] T. Tao, Heuristic computation of correlations of higher order divisor functions, https: //terry-
tao.wordpress.com.

[8] E.C. Titchmarsh, The theory of the Riemann zeta-function, 2nd ed. Oxford Univ. Press, New York,
1986.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF EXETER, EXETER, EX4 4QF, UK
E-mail address: j.c.andrade@exeter.ac.uk
E-mail address: ks614@exeter.ac.uk



