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Abstract

Given an integer k > 0, let o} (n) stand for the k-fold iterate of o*(n), the
sum of the unitary divisors of n. We show that o3(p +1)/07(p+ 1) tends to 1
for almost all primes p.
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1 Introduction and notation

Let 0*(n) be the sum of the unitary divisors of n, that is,

o*(n) = Z d.
|

dln
(d,n/d)=1

Given an integer k > 0, let oj(n) stand for the k-fold iterate of o*(n), that is,

oj(n) =n, oi(n) = o*(n), o5(n) = o*(cf(n)), and so on. The function c*(n) is easily

checked to be multiplicative with o*(p®) = p®+1 for each prime p and integer o > 1.
In 1971, Erdds and Subbarao [3] proved that

(1.1) Ui<n) —1 for almost all n .
oy (n)

This is quite a contrast with the easily proven estimate

oo(n)

— 00 for almost all n .
01 (n)

In 1991, Katai and Wisjmuller [6] proved that

—1 for almost all n
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and conjectured that, given an arbitrary integer k£ > 0,

‘71:+1(n)

- —1 for almost all n .
Uk(”)

This remains unproven.
Here, we consider similar quotients, namely those where the arguments of the
functions o ; and o}, are running over shifted primes.

2 Main result

Theorem 1. We have

oy(p+1)
1

— 00 or almost all primes p ,
oi(p+1) J primesp

Of course, the above statement is equivalent to the following one.

Given any ¢ > 0, we have

. 1 o5(p+1)
lim —— <gp: 2o =0.
e 7(2) {p—w P ) “}

In the following, we denote by p(n) and P(n) the smallest and largest prime factors
of n, respectively. We let p(n) stand for the Moebius function and ¢(n) for the Euler
totient function. For each integer n > 2, we let w(n) stand for the number of distinct
prime factors of n and set w(l) = 0. The letters p,q, 7 and @, with or without
subscript, will stand exclusively for primes. On the other hand, the letters ¢ and C,
with or without subscript, will stand for absolute constants but not necessarily the
same at each occurrence. We will let o stand for the set of all primes. Moreover, we
shall at times use the abbreviations z; = logz, x5 = loglog x, and so on. We denote

Codt
the logarithmic integral / Tont by li(z). Finally, we let 7(x) stand for the number
2 108
of primes p < z and we write 7(z; k, {) for #{p < x:p={ (mod k)}.

3 Preliminary results

For the proof of our main result, we will need the following lemmas.
Our first lemma is a classical result.

Lemma 1. (BRUN-TITCHMARSH THEOREM) For every positive integer k < x, we

have
2z

T = G gt 1)



A proof of the following result follows from Theorem 3.12 in the book of Halber-
stam and Richert [4].

Lemma 2. There exists a positive constant C7 such that

#{p,qe@:p+1:aq§asf0rsomeaEN}<01L.
log(v/a)

The following can be obtained from Theorem 4.2 in the book of Halberstam and
Richert [4].

Lemma 3. Given an arbitrary positive number 6 < 1, there exists an absolute con-
stant Cy > 0 such that

lim #{p<z:Pp+1) <z’ or P(p+1) > 2%} < Cy 6 li(x).
T—00
It was proved by the first author [5] that the distribution of the numbers

w(o(p+1)) — 3(loglog p)?
75 (loglog p)*/2

as p runs through the primes obeys the Gaussian Law. It is easy to show that the
same statement holds if o(p + 1) is replaced by ¢*(p + 1). The following result is an
immediate consequence of this observation.

Lemma 4. We have
1

7T(I)#{pga::cu(a"‘(p—i— 1) >23} -0 asx— co.

4 Proof of the main result

First let

1
t(n) == g —.
el * q
q%[lo*(n)

It is clear that, for each integer n > 2,

TO (14 L) mewd Soa (16 1) et S L

q%[ln q%[ln q“|In

and therefore that

o) _ oot m) _ IR
0 e SO X @ '

q“[loe*(n)



From this observation, it follows that the claim in Theorem 1 is equivalent to the
assertion that

(4.1) tp+1)—0 for almost all primes p.
Let 6 > 0 be any small number, let o, := {p € p: p < x} and consider the set
oM =fp<z:Plp+1)<z’or Plp+1) >z
In light of Lemma 3,
(4.2) #oWM < Cy8li(z).

This is why we only need to work with the set

(2)

@ = p, \ pM.

So, let us assume that p € @2), let T' be a large integer and consider the set Dy
made up of all those primes p such that 7% | p + 1 for some prime 7 > T. Using
Lemma 1, for some constant C3 > 0, we then have

#p<z:peDr} < o= Y w1

T<m< /T psz T<n< /T
fp-&-lEO (mod 72) f

1 1

< Gli(z) ) & =Csli(r) Y ——
T<n<\/z ¢(7r ) T<n< /T W(W B 1)
li(x)
(4.3) < TloaT"

Hence, in light of (4.3), we may now discard those primes p < x for which p € Dr,
since their number is O(li(x)/(Tlog T")). This is why, for each prime number ¢, we
now focus our attention on the set

(4.4) Eyx):={pe€p? :p¢Drand ¢ {o*(p+1)}

and the sum

Sr(x) = Z #E,(x).

q<T

Moreover, for each prime g, we let B, be the semigroup generated by those primes
Q) such that ¢t Q + 1.

Let us now consider a fixed prime ¢ < T and those integers
(4.5)

K=mi"--mr 22f0rwhichq\7r;‘j+1 forj=1,...,rwitho; =1if m; > T.

In order to estimate #E,(z), we first introduce the set

Hyr = {p:p+1 = KRmP,P(R) < T, p(mP) > T, j*(m) = 1, (m.B,) = 1, P(p+1) = P}.

4



Writing each prime p € Hg rp as p+1 = KRmP = aP, then, since P was assumed
to be such that P > 2°, it follows that a < 2'~°, and therefore, using Lemma 2, that
p2(m)

x (
log2:r Z ¢ (KRm)

#Hgr < 000

<

m<z/KR
(m,Bq)=1

1
C1Co 6———
Cpann 1L ( =

74120 (mod q)
1
(4.6) < 10y 5—)li(x) - eXp {— 2 } :

IN

IN

== 0102 (5

log2 (KR
-logx - exp { }
qg—1
1

NeN )eXp{ }
x¢(KR)
(KR qg—1

On the one hand, observe that

1 1 1
2 5w < Q( )

S () = (o ()
(4.7) = exp{

for some positive constant C}.
On the other hand, writing each K as K = K; K3, where P(K;) < T and p(K,) >
T. Then, by the nature of K (see (4.5)), it is clear that K, is square-free and that
w(Ks) <r <T —1. From this, it follows that, for some constant C5 > 0,
J
T-1

1 — 1 1 al
(4.8) ;MS%(M Zj— Z p— <C’5m.

:[) <z
7©4+1=0 (mod q)

Recalling that for all K, R € N, we have ¢(KR) > ¢(K)¢(R), and combining
(4.7) and (4.8) in (4.6), it follows that

-1
) Ty T
. < < s .
(4.9) #E,(x) < KER Hy r < Cgdli(z) T -1 exp{ . 1} log 1



for some constant Cg > 0, from which it follows that
(4.10) Sr(z) = o(li(x)) (x — 00).

We now move to estimate ¢(p + 1) when the primes ¢ such that ¢* | o*(p + 1)
satisfy ¢ > T.
We first consider the case where o = 1, and for this we introduce the sum

s(p+1):= Z é,

T<q§z%7£

qllo* (p+1)

where € > 0 is an arbitrarily small number. We then have, using Lemmas 1, 2 and 3,

S sp+1) = S lilpeo? p+1=QHmP, P(H) <T,p(m) > T,

pep??) T<q<wy *

P>2°Q+1=0 (mod q),(m,B,) =1}
1
+ > ~#{pe o p+1=HmP P(H) < T,p(m) > T,

T<q§:z:%7s
P>2° P+1=0 (modq)}

T 1 1
L= Di D DR o]

.9 _
T<qse} s | QS 1 et
P(H)<T, p(m)>T

1 1
S ID YD 0
(mod q)

q
1 T<q§90%7S Q=—

> o 1l (Hniﬁw(ﬂl—n*”')

P(H)<T, p(m)>T n#£—1 (mod q)

1 i)
I% q2 og T2 exp{ 7 — 1},

—_

A

3
(o)
|

from which it follows that

log T

(4.11) Y spt1) < 5% zs = o(li(z))  (z — o0).

pep?

To account for those ¢ € [z, z*7¢], we will consider the sum

r(p+1):= Z 1

ey TE<q<al e
qllo* (p+1)



Proceeding as above, we obtain that

dorp+1) <) ! >, w(@Q,-1)

2 1+e 2+¢ Q<z
p€W§s> Ty <q<wy Q+1=0 (mod q)

1 1

< oli -
< Cydli(x) HEZ » ; Q-1

Toy ngxz Q+1=0 7(mod q)

. 1 i)

< Oy éli(x) Z - Co—

x;rESQS 3 1 1

1
< GoCeli(w) s Y.
m§+€SQS$2+€ 1
) 1

< Cy0 Cgli(z) g ﬂ,

from which it clearly follows that

(4.12) > rp+1) = oli(z)).

pepl?)

We now split ¢(p + 1) into five sums as follows.
(4.13) tp+1)=ti(p+ 1) +talp+ 1) +t3(p+ 1) +talp+ 1) +t5(p+ 1),

where

1 .
Lp+)= > —  (j=1....5),
q%||o* (p+1) q

qEIj
with the five intervals I; being defined as
I = [27T]7 I, = (Tv xéis]u Iy = (léisa x%Jrs), Iy = [1‘%+6, x§+8]7 Is = (x§+€7 OO)
We will show that the next five inequalities hold for almost all primes p € @;(32).
First of all, in light of (4.10), we have

(4.14) thp+1) < 2% (p — 00),

I
with the exception of at most O ( 12(?) primes p € pg(f).

In light of (4.11), we have that

1 1

(4.15) Lip+1) <sp+1)+ Y <o(l)+ TlogT

(p = 0).



Clearly,

1 1+¢
4.16 ta(p+1) < —glog( ><2€.
(4.16) s(p+1) > .

1- 1
2y <q<ay e

In light of (4.12), we have

(417) L+ <rp+D+ Y = <o(1)+0 (ﬁ) (p — o).

1+e
q>T,

Finally, using Lemma 4, it follows that
(4.18) ts(p+1) <a5° (p — 00).

Gathering inequalities (4.14) through (4.18) in (4.13), we have thus established

that . )
— {pgx:t(p+1)>f}§5

m(x)

and since this is true for every § > 0 and for every large number T, our claim (4.1) is
established and the proof of Theorem 1 is complete.

5 Final remark

The unitary analog of ¢(n) denoted by ¢*(n) and introduced by Cohen [1] is defined
by
¢o"(n) = [ - 1).
p*ln

Denote by ¢;(n) the k-fold iterate of ¢*(n). Erdés and Subbarao [3] claimed that

¢3(n)
¢i(n)
except on a set of integers n of zero density. In fact, they mentioned that they could

prove this result by using the same methods as those used to prove (1.1).
With the approach we used to prove Theorem 1, we can also prove the following.

— 1 (n — o0)

Theorem 2. Given any € > 0,

1 psip+1) . s o
w<x>#{¢>;<p+1><1 ’5}%0 (z = 00).
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