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Abstract

Let ¢ and A be the Euler and Carmichael functions, respectively.
In this paper, we establish lower and upper bounds for the number of
positive integers n < x such that p(A(n)) = A(p(n)). We also study
the normal order of the function p(A(n))/A(p(n)).

1 Introduction

The Euler ¢-function (first introduced in [20] of 1760) and the Carmichael
A-function (first introduced in [9] of 1910) are two of the most interesting,
useful and versatile arithmetic functions that have ever been studied. For
a positive integer n, the value p(n) of the Euler function is defined to be
the number of natural numbers less than or equal to n and coprime to n.
Equivalently,

p(n) =#2Z/m2) = [ p* (0 —1).

p*|n

For a positive integer n, the value A(n) of the Carmichael function is defined
to be the maximal order of any element in the multiplicative group (Z/nZ)*.
More explicitly, for a prime power p®,

a—1 1
o _[P-1, ifpzsora<y
)\(]9)—{2@—2’ if p=2and a > 3;

and for an arbitrary integer n > 2 with prime factorization n = p{* ... pg",
one has

A(n) =lem [A(p("), ..., A(PE)].

Also, A(1) = 1. In contrast to ¢, the function A is not multiplicative.

Over the years, the Euler and Carmichael functions have been exten-
sively researched in the literature, and quite a large number of results have
been obtained concerning the rate of growth and the arithmetical properties
of these functions. To gain insight into the nature of these and other arith-
metic functions, many subsequent investigations considered compositions (or
iterations) of such functions. Let us mention a few relevant examples that
have motivated our present investigations.

(1) In 1929, Pillai [41] was the first to study properties of the iterates
{p®) : k> 1} of the Euler function, where ¢ = ¢, and p*) = o k1)
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for £ > 2. Pillai showed that if W (n) = k is the least integer k for which
©®(n) =1, then

log 3n < W) < log 2n ‘
log 3 log 2

Later, Shapiro [44], Mills [37], Erdds [14] and Erdés and Hall [16] investigated
related questions. Extending some of Shapiro’s work [44], the problem of
finding integers n with the property that o*)(n) | n was first considered by
Hausman [31] in 1982, and these results were later generalized by Halter-
Koch and Steindl [28] and by Siva Rama Prasad and Fonseca [46].

(2) For a positive integer n, let 2(n) and w(n) denote the number of
prime factors of n counted with and without multiplicity, respectively, and
let A(n) =Q(n) —w(n).

Generalizing the fundamental theorem of Turdn [48] from 1934, in 1984,
Erdés and Pomerance [18] and Murty and Murty [39] proved, independently,
that both compositions Q(¢(n)) and w(p(n)) have normal order 1(log, n)?,
and they also gave analogues of the Erdds-Kac theorem (see [17]) for these
functions.!

In 1999, Bassily, Kétai and Wijsmuller [7] gave proofs of similar theorems
for ©¥). In particular, they showed that, as 2 — oo,

1
Alp®(n)) = (1+ 0(1)) 7 (log, )" log, x
holds for almost all n < x, and

.1 A(p®) (n)) — s(x) } 1 /Z 2
lim — <z <zp=0(z)= — Pt
i #{” ST omalme M AR L

where s(z) = (log, x + ¢+ o(1)) logy x. In other words, the quantity

A(e™(n)) — s(x)

v/log, xlog, @

T—00 I

is normally distributed.
Earlier, in 1990, Erdds, Granville, Pomerance and Spiro [15] proved that,
under the FElliott-Halberstam conjecture, the normal order of Pillai’s function

Hog,, denotes the k-th iterate of the natural logarithm.
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W (n) is © log n for some constant ©, and for every positive integer k, the nor-
mal order of o) (n)/**1)(n) is e7klogy n, where v is the Fuler-Mascheroni
constant.

(3) In 1944, Alaoglu and Erd6s [2] considered the compositions ¢ oo and
o o p, where ¢ is the sum of divisors function, and they proved that

lim inf M =0 and lim sup M = 00
n

n—00 n n—oo

Conversely, in 1964, Makowski and Schinzel [35] proved that

1 1
hfﬂjp SO(UTEH)) — o0 and hg‘g.}f U(QOT(")) < 5+ g

and in 1989, Pomerance [43] showed that

liminf o(¢(n))/n > 0.

n—oo

In 1992, Golomb [25] observed that the value of o(p(n)) — ¢(o(n)) takes
both positive and negative values infinitely often and asked for the proportion
of each. De Koninck and Luca [11] have shown that this function is positive
for almost all values of n.

(4) Recently, Martin and Pomerance [36] have studied iterates of the
Carmichael function and have shown that the normal order of the function
log (n/A(A(n))) is (logy n)?logs n. In other words,

A(A(n)) = nexp (—(1+ o(1))(logy n)* logy n) (1)

as n — oo through a set of integers of asymptotic density one.
For a variety of other results with a similar flavor, we refer the reader
to [3, 4, 5, 6, 8, 10, 12, 13, 21, 22, 23, 24, 26, 33, 34, 40, 42, 45, 49] and the

references contained therein.

In this paper, we initiate the study of the composite functions ¢ o A and
A o ¢ by establishing lower and upper bounds for the counting function of

the set
A(z) = {n <z :p(AMn) = A(p(n)) }.
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Our main results are the following:

Theorem 1. There exist positive constants C' and xq such that the following
bound holds for all x > xq:

log x
> _— .
#A(w) 2 exp (C log log logx)

Theorem 2. The inequality

X

A= Togayrm

holds as x — oo.

Remark. If we denote A = {n : p(A(n)) = A(¢(n))}, then Theorem 2

implies that
1
Y - <.
neA "
It is natural to conjecture that the estimate

X

#A(w) = (log z)e+o)

(2)
holds for some positive constant c. Since the Sophie-German primes (i.e.,
primes p for which ¢ = (p — 1)/2 is also prime) are all contained in A, the
Hardy-Littlewood conjectures (see [29]) would suggest that ¢ < 2. Taking into
account the very special structure of the integers in A, it is also natural to
expect the Sophie-German primes to form a subset of A of positive relative
asymptotic density, and we therefore conjecture that (2) holds with ¢ = 2.

Although our focus in this paper is primarily on the set A of positive
integers for which the values of po A and Ao coincide, we have also been led
to consider the related question: Which value is larger, ¢(A(n)) or A(¢(n)),
for a “typical” integer n? In the last section, we study the normal order of
the function @(A(n))/A(¢(n)); our result, which relies heavily on (1), is the
following;:



Theorem 3. The estimate

p(A(n))
Ap(n))

holds on a set of positive integers n of asymptotic density one.

= exp ((1 + o(1))(log log n)* log log log n)

In particular, one sees that ¢(A(n)) is much larger than A(¢(n)) for almost
all positive integers n.

Acknowledgements. The authors would like to thank the anonymous ref-
eree for a careful reading of the manuscript and for useful suggestions. This
paper was written during an enjoyable visit by F. L. and P. S. to the Univer-
sity of Missouri—Columbia; these authors wish to express their thanks to that
institution for its hospitality and support. Research of W. B. was supported
in part by NSF grant DMS-0070628, that of F. L. by grants SEP-CONACYT
37259-E and 37260-E, and that of P. S. by a grant from his institution.

2 Notation

Throughout the paper, we use the Landau symbols ‘0’ and ‘O’ and the Vino-
gradov symbols ‘<’ and >’ with the understanding that the implied con-
stants are absolute; we recall that, for positive functions U and V', the nota-
tions U < V, V > U, and U = O(V) are each equivalent to the assertion
that the inequality U < ¢V holds for some constant ¢ > 0. As usual, P(n)
denotes the largest prime factor of n > 1, and w(n) denotes the number of
distinct prime factors of n. Throughout the paper, the letters p, ¢, and r
always denote prime numbers. For a positive real number x, we use logx to
denote maximum of 1 and the natural logarithm of x. For an integer k > 2,
log;. x denotes the k-th iterate of the function log . For a positive real num-
ber z and a subset B of the positive integers, we write B(xz) = BN [1,z].
Finally, we use ¢y, c1, ... to represent positive constants that are absolute.

For the convenience of the reader, we have included a brief index at the
end of the paper which contains, in particular, a list of notation for our proof
of Theorem 2 below.



3 Coincidences between oo A and Aoy

Throughout this section, we focus our study on the set

A=1{n>1:0\n) = Apn)}.

Our goal is establish lower and upper bounds for the counting function
#A(x) = #(AN[1,x]), where x is a real parameter.

3.1 Lower Bound

Theorem 1. There exists a positive absolute constant cq such that the fol-
lowing bound holds for all x > 2:

#A(2) > exp ( s ) |

0gs3 T
Proof. Observe that, since #.4(2) = 2, it suffices to establish the inequality
for all sufficiently large values of x.

For a positive integer n, let »(®)(n) = n, and define ©*)(n) inductively by
e®(n) = ¢ (¢*V(n)) for all k > 1. Let P(n) denote the set of odd prime
factors of the integer [],-,¢™(n). By a result of Pillai [41], the equality
©®(n) =1 holds for some k < K = [(logn)/log2]; consequently,

H p < n"t <exp (2(logn)?) . (3)
pEP(n)
We also have
(logn)?
< .
#P(n) < (K+ 1) maxdw(f)} < 2 (4)

Now let n > 3 be an odd square-free integer that is coprime to ¢*)(n)
for all £ > 1, and put

M =2 H P and N =2nMA(M).

Note that P(n) U {2} is precisely the set of primes that divide N. Denoting
by v,(-) the standard p-adic valuation, it is easy to check that

2+ maxgepy{va(g — 1)}, ifp=2
vp(N) = 1+ maxgepmy{v,(¢—1)}, if p€P(n)and pfn;
2, if p | n.



Put

o maxeepmivp(¢ — 1)},  ifp e P(n)U{2} and p{n;
P 1, if p | n.

Observe that a;, > 1 for all primes p € P(n) U {2}. Since

N = 2a2+2 H paerl’

PEP(n)
we have
AN) = dem [M2™*), A ") p € 7>< >}
— dem[2%,p(p—1):pe P(n)] =27 [] »*.
pEP(n)
Therefore,
QD()\(N)) = 2042—1 H pOép—l(p . 1) _ 2a2+52—1 H pap+6p_1’
peP(n) pEP(n)

where we have factored

[T 6-n-2 [

PEP(n) peP(n)

Here, we have used the fact that for each p € P(n), the odd prime factors of
p — 1 also lie in P(n).
On the other hand, we have

— 9o+l H % (p — 1 — 9a2+d2+1 H pap+5
peP(n peP(n)
Since g, 02 > 1, and «, > 1 for all p € P(n), it follows that
Mp(N)) = lem A2 N(p™ ™) : p € P(n)]
2okl por o =l(p —1) 1 p € P(n)]

— 9e2ti-1 H paﬁép*l:(p()\(]\f)).
pEP(n)

= lcm[

Thus, we have shown that the integer IV lies in the set A.
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We now use the fact that there exists an absolute constant ¢; > 0 such
that for all y > 10, there exists a positive integer £, < y* with the property

that |
Z 1> exp <cllogy) (5)

D1t 082Y

(see [1], for example). Let S be the set of odd primes p such that p — 1 is a
divisor of ¢, but p does not lie in P(¢,). Using the inequalities (4) and (5),
it follows that

1
#5> Y 1-#P(4,) > s = exp <c2 8y ) (6)
(1)) ¢ o8>
p Y
p#2

holds with ¢; = ¢1/2, provided that y is sufficiently large. Replacing S by
one of its subsets, if necessary, we can assume that #S = [s]. We now set
t = [v/s] and consider subsets 7 C S of cardinality ¢. The number of these
subsets is

—t\' 1/2]
(Lj) > (%) = exp ((0.5+ o(1))s"?log s) > exp (03 ﬁ) )
where ¢3 = ¢y/3, provided that y is large enough. For each subset 7', put

nr = [[,er p- Since

p(nr)=]—1)

peT

t
e,
it follows that
PWng) | o), k=1
As P(€) = P(L,), we see that ns is coprime to ¢® (nz) for all k > 1, and
H P divides nr H p. (7)
peEP(nT) peEP(Ly)
The construction given at the beginning of the proof now shows that if
Mr=2 ][] »
pEP(nT)

then the positive integer

NT = QTLTMT)\(MT)
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lies in the set \A. Moreover, it is clear that distinct subsets 7 give rise to
distinct elements of A (for if N; = Nz, then by comparing those parts of
Nz, and Nz, composed of primes in S, we obtain that n3. = n%, and by
unique factorization this leads to 7; = 73). To bound the size of Nz, we first
use (3) and (7) to estimate

Mz <2nr H p < nrexp (O((logy)?)) .
pEP(Ly)
Since A\(M7) < Mz, we can use this bound for A(Mr) as well. Also,
ny = Hp <@+ 1) =exp((2+ o(1))s*/? logy) .
peT

Therefore,
Nt < ngMzA(M7) < exp ((6+ o(1))s'/*log y + O((log y)*))

Now, given a large real number z, let y be defined implicitly by the equation
x = exp (7s'/?log y), where s is defined as in (6). Then N7 < z holds for all
such subsets 7', provided that z is sufficiently large. Since

logy

1 = (0.5 1)1
0gyx = (0.5 4 o ))Ogs>>log2y’

it follows that
logy y < (1+0(1)) logz .

Therefore, if x is large enough, then

1/21 1
log, x

log, y

where ¢y = ¢3/8. This completes the proof. O

3.2 Upper Bound

We begin this subsection with a few technical lemmas that are used in our
proof of Theorem 2 below.

The following result is a weakened and simplified version of a well-known
result of Hildebrand [32] (see, for example, Chapter III.5 in the book by
Tenenbaum [47]):

10



Lemma 1. Uniformly for exp ((logy x)?) < y < z, the cardinality V(x,y) of
the set of smooth numbers

S(x,y)={n<z:P(n) <y}

1s bounded by
U(z,y) < zu oW,

where u = (logz)/(logy).
Lemma 2. Uniformly for x > y > 2, the cardinality of the set
F(z,y) ={n € x : q | ged(n,¢(n)) for some prime q > y}

15 bounded by
xlog, x

ylogy

#F(x,y) <

Proof. 1f n lies in F(z,y), then either there exists a prime ¢ > y such that
q? | m, or there exists a prime ¢ > y and a prime p = 1 (mod ¢) such that
pq | n. In the first case, the number of such integers n < z is bounded by

T 1 T
2 LJ_?J SxZ? < Ylogy’

q>y q>y

and in the second case, the number of such integers n < x is at most

x 1 1 1 xrlog, x

S S L—J§x§ = - <zrlogyr Y = < lgz :

>y p<z Pq >y q p<z p >y 4 yloey
p=1 (mod q) p=1 (mod q)

where we have used the uniform bound

1 1
Y -« 82T (8)

= v elm)

p=1 (mod m)

which follows from the inequality (3.1) of [15] (see also Lemma 1 of [7]). The
result follows. 0
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Lemma 3. If £ > 2 and w > |2elog, x| + 1, then the cardinality of the set
G(z,w) ={n € x:wn)>w}
15 bounded by
HG(x,y) < —— gwliro(),
log

Proof. By results of Hardy and Ramanujan [30], the number of positive in-
tegers n < x for which w(n) = k is bounded above by

x 1 _ x (elogyz+O(1)\""
: (1 O(1))F ! < : .
logz  (k—1)! (logzw + O(L))™" < log x ( k—1 )

In the above inequality (and in many others to follow), we have used Stirling’s
formula to conclude that k! > (k/e)* holds for all positive integers k. In
particular, if w > |2elog, x| + 1, then

#G(x,w) < gz ];U(O.E) + o(1))F = % 9-w(lto(1)
which is the desired estimate. [
Theorem 2. The inequality
#A(z) < W

holds as © — 0.

Proof. Our strategy is to express A(x) as a union of boundedly many subsets,
each of which has a cardinality bounded above by z(log z)~3/2+°(1),

Let = be a large positive real number. The first five subsets that we
consider are the following:

(1) The subset
Ai(z) = {n € A(z) : P(n) <},

log zlogs
=exp| ——""—|.
Y P\ 73 log,

where

12



Since A;(z) C S(z,y1), Lemma 1 immediately implies that

x
#A) S (oo ©)
Note that if z is large, then A;(z) contains all powers of 2 which are
smaller than z.

The subset
As(z) = {n < x:q| ged(n,p(n)) or ¢* | p(n) for some q > y, prime}

where y, = (logz)?. Write Ay(z) = Aj(z) U Aj(x), where Aj(z) con-
sists of those n € As(x) such that ¢ | ged(n,p(n)) for some prime
q > Yo, and Aj(x) consists of the remaining n € Ay(x). Since A} () is
a subset of F(x,ys), Lemma 2 provides the estimate

T
(log x)*’

Now suppose that n € AJ(x). Then there exist a prime ¢ > y, and
either a prime factor p of n with p =1 (mod ¢?), or two prime factors
p1 < p2 of n such that ¢ | ged(p; — 1,p2 — 1). Fix ¢, and p in the first
case, and p; and p, in the second case, respectively. Then, the number
of possible multiples n < z of pis |z/p] < z/p in the first case, while
the number of possible multiples n < x of pyps is |z/p1p2] < x/p1p2 in
the second case. Therefore,

$ M) < (10)

1 1
#A @) < @ | D0 D o) 2 s
>Y2 p<w p q>y2 p1<p2<z P1p2
p=1 (mod ¢?) pi=1 (mod q) for i=1,2
2
< 1 1 1
SIS SR E 51 I S
q>y2 p<w qa>y2 p<w
p=1 (mod ¢?) p=1 (mod q)
1 z(log, x)>  xz(log, )?
< 2(log, x)? Z - < 2 = (o 2)2 ) (11)
o Y2 g

13



(iid)

(iv)

where we have used the estimate (8) twice. The estimates (10) and (11)
immediately imply that

X

#AQ(I) S W. (12)
The subset
As(z) = {n € A(z) : w(n) > w },
where
c; = 2e and wy = |y logy x| + 1.
Since Az(z) C G(z,w;), Lemma 3 provides the upper bound
T gun(ito(1)) z
#A(2) < log© 2= ~ (logz)t2elog2to()” (13)

The subset
Ay(z) ={n € A(z) : 2** | n or 22 | (p — 1) for some prime p | n},
where
co =2/log2 and  wy = |calog, z].
Clearly,

#AD) < 5|+ 2 EJ

p<x
p=1 (mod 2%2)

T 1

p<z

p=1 (mod 2%2)
xlog, T
= 14
< Tow (log z)>+e(h)’ (14)

where we have used (8) in the last step.

For the remaining subsets of A(z), our estimates are presented as a series of
technical lemmas. We begin with the following:

14



Lemma 4. Let
As(z) = {n € A(2)\ (U A()) : F(n) > wg},

where

F(n) = va(n) + 3 va(p — 1) (15)

pln
for every positive integer n, and
1 1 cr+1
w3 = c3log, xlogs x c3 = .
3 3108 g3, 3 log 2
If x s sufficiently large, then
x
A < : 16
# 5(I> = (lOgl‘)2 ( )

Proof. For each integer n € As(x), we have:
e P(n) >y, and P(n)*{n;
o w(n) < ws;
e 2¥2 fn, and 22 { (p — 1) for every prime p dividing n;
e 1 is not a power of 2;
o F(n) > ws.

Let n = 2¢ Hif:l p?‘ be the prime factorization of n, where the primes p, are
odd and distinct; reordering the odd primes, if necessary, we can assume that
v9(pe—1) is a nondecreasing function of . Then there exists an integer t > 1,
integers 1 < a3 < --- < a4, and integers Kq,...,k; > 1 with the following
three properties:

(2) 2% | (pg—l) 1f1§j§tand I€1+"'+/€j_1 <€§l€1+"'+l€j;
(77) The inequality

t
Z/fj =k=w(n)—3d<clogyx
j=1

holds, where 6 = 0 if & = 0, and § = 1 otherwise;

15



(7i7) The equality
t
a+ Z Ko = |c3log, xlogs x|
j=1

holds.

Here, the integers «; are all the possible values of vy(p — 1) as p runs over
the odd prime factors of n, arranged increasingly, and k; is the multiplicity
with which «; occurs (i.e., the number of prime factors p of n such that
a; = ve(p —1)).

Let D be the set of all (2t +2)-tuples (¢, o, a1, ..., 4, Ky, . .., Kt) for which
these properties hold for some n € As(x). Clearly,

#D < > p(N — a)

0<a<N<czlog, xlogs

< exp (O ((10g2$10g3 x)l/Q)) = (log [E)O(l),

where for a positive integer m, we have used p(m) to denote the number of
partitions of m.

Now fix one such (2t + 2)-tuple in D, and suppose that n € As(z) is of
this type. Since the prime P = P(n) is one of the primes p;, and P? { n, we
can write n = Pm, where m satisfies the analogue of (i) with the data

(t—1,a,00, .., 05, ..., 0, K1,y Ry ooy Ky). (17)

Here, the hat symbol indicates that the entry has been omitted. Clearly,
y1 < P < x/m, and P lies in the arithmetic progression 1 (mod 2% ); hence,
the number of such primes is

xXr
< Samlog(z/(2m))

(see [38]). Since 2% < 22 < (log z)?, the inequalities

x/(2%m) >y, /2% > yi’?

hold, and therefore

_ log z logs
1 2% 1 —
og(z/(2%m)) > logy, > og, «

16



Consequently, for a fixed value of m, the number of such primes P is

logx 2% m logz  29F9

zlogox 1 1 xlog, & 1 1
< o 82T H

Be
1<<k Dy
LRI+ +kj—1+1

We now sum up the above inequality over all possible integers m of type (17)
(with j fixed) and deduce that the corresponding contribution to #.A4s5(x) is

Rq

xlog, x 1 1 1
< 10g£2L' ) Qa+ta; H Kf_z| Z Zﬁ

1<i<t p<x B>1
i#£] p=1 (mod 2%)
xlog, x 1 P
. = < (cqlogy ) =179, 18
logz 9ot joiaym; (c4 log, ) (18)

Here, ¢4 is an absolute constant for which the inequality

1 cylog, x
Z Zﬁsélg—of

1<p<z 821
p=1 (mod 2%)

holds for all sufficiently large z and uniformly in o < wsy (see again (8)).

Since
Pt
(calogyw) 7=t < exp (e log, xlog(calog, 7))

= exp ((a1 +o(1))log, xlogs x),
and

P,
2a+ j=105K;

= exp (|e3log, xlogs x| log2)
= exp((c1 +1+0(1))log, xlogs x),
we find that the expression (18) is bounded above by
T
exp ((1 + o(1)) log, xlogy x)

Summing this over all possible choices of j € {1,...,t}, then over all possible
(2t + 2)-tuples in D, we derive the estimate
x x
A 1 -#D - <
#As(2) logy - 4 exp ((1 4 o(1))logy zlogs ) — (logx)?
for all sufficiently large x. O]
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Now fix n € A(z)\ (U_;A;(x)), and let n = 2° Hif:lpf‘ be its prime
factorization. Let P = {p1,...,pr} be the set of odd primes that divide n,
Py = {p1,...,pr, } be the subset of P consisting of the odd primes p that
divide ged(n, ¢(n)), and Q be the set of odd prime factors of ¢(n) that do
not divide n. Since n ¢ As(z), every prime p € P; satisfies the bound
p < yo = (logx)?; thus, if ¢ > yo and ¢ | ¢(n), then ¢ € Q. Let q1,...,qs be
the primes in Q. Factoring

k1 s
p€_1:2aerZMqujyl7 £:17"'7k7
i=1 j=1

we derive that

Py P P
pln) =p2%) -2 = ] ]p " 2 T g

i=1 j=1

Defining p1; = va(g; — 1) for j =1,...,s, it follows that

v (M) = max{u, (A (¢(2a)-2pf—1ae>), max {o, — 13, max {1} }

1<i<ky 1<j<s
k
= max{a + Z (g, Max {;Lj}} +0(1),
VAR
=1

The preceding formula may be rewritten in the form

02 (A(p(n))) = max{ F(n), max{va(g ~ 1)} } +O(1). (19)

On the other hand, we have
ki s
A(n) = max{)\(Qo‘), 2max€{ae}} Hp?lax{ﬁi—lvmaw{%,e}} H q;}ﬂax;z{ﬁj,e}7
=1 j=1

where the maxima in the exponents are taken over ¢ € {1,...,k}. From the
preceding relation, we see that vy (p(A(n))) is equal to

vy (max{p(A(27)), 27 ) 1 S an(p— 1)+ 3 valg - 1)

pEP1 qeQ
= mac{ua(n). max{us(p ~ DI} + 3 valp — 1)+ 3 enla — 1) + O(1).
pEP, qeQ

18



Combining this result with (19) and the fact that va(A(¢(n))) = va(@(A(n))),
we obtain:

max{va(n), max{va(p — 1)}} + Y owp-1)+) wla—1)

PEP1 qeQ (20)
= max{F(n),réleag{vg(q — 1)}} +O(1).

We now define Ag(z) be the set of those integers n € A(z)\ (Ui_;A;(2))
for which the maximum on the right hand side of (20) is not achieved with
the term F'(n).

Lemma 5. We have .

A < Togayra

(21)
Proof. 1f n € Ag(x), there exists a prime ¢’ € Q such that the maximum on
the right hand side of (20) is achieved with the term v(¢’ — 1), and it follows
that

max{vy(n), max{vy(p — 1)}} + Z va(p— 1) + ng(q -1) <1,
pin pEPy q€Q
a#q
which implies, in particular, that #P; + #Q < 1. Hence, there exists an
absolute constant ¢; > 0 such that for every n € Ag(x), the inequality
w(p — 1) < ¢5 holds for all prime factors p of n.
Let Ry ={p:w(p—1) <c5}. Our first step is to establish the estimate:

z(log, )"
(log )

For this, let p € Ri(x). We may assume that P(p — 1) > v, for the number
of primes p < x with P(p — 1) < y; is no more than

#Ri(x) < (22)

T
(log z)*’

We may also assume that there does not exist a prime ¢ > y3 = logx such
that ¢> | p — 1. Indeed, the number of primes p < x for which ¢* | p — 1 for
some ¢ > y3 is no more than

Yoo orm < Y wwmd )+ Y w(@dh 1) =S+ 5,

y3<q<zl/2 y3<z<al/3 xl/3<q<al/?

U(x,y1) < zexp(—(14o(1))ulogu) <

(23)

19



say. For the sum S;, we apply the Montgomery-Vaughan upper bound on
the number of primes in an arithmetical progression (see [38]) to conclude
that
2z 6z 1 T 1 x
S < < — S — 24
Y ¢?log(z/q?) ~ logxqz 7 < < 2 (24)

y3<q<zl/3 ~us 1 logz  ys3 (log x)

and for the sum Sy we need only the trivial fact that 7(z,¢* 1) < 2/¢* to
derive the bound:

Sy < Z ° (25)

i log T (log x)?

Thus, we may assume that p — 1 = Pm, where P > max{P(m),y,}. Since
w(p—1) < ¢s, it follows that w(m) < ¢5 — 1. Fixing one such number m, we
apply Brun’s method (see [27]) to deduce that the number of possibilities for
the prime p is

x
< .
2l (loa(e /)
Since x/m > y;, we have
log x
log(e/m) > log > 1 (26)

Hence, the number of possibilities for p <  when m is fixed, is
r(log,z)? 1
(logx)>  p(m)’
Summing this inequality over all m with w(m) < ¢; — 1, and using the
inequalities (23), (24), and (25), we obtain that

dRy () < ol o~ L ((L) . (27)

(oga)? 2= plm) * \(log7)
w(m)<es—1
Now, since
1 cs5—1 k
> s (ST )
= I g —
ol p(m) M\ & o e—-1
(m)<es—1

cs5—1

1
<€ 1+ Y o (logyw+ O(1)" < (logy )™,
k=1

20



the inequality (27) implies the estimate (22).
Using (22), it follows that

>y

PER1 ’y>1

is a constant; thus, writing M for the set of positive integers m composed
from the primes in Ry, we have

> =11 (1+Z ><exp<zz )_expc6>

meMy PER1L y>1 pER1 v>1

For any n € Ag(z), we can write n = Pm, where P € Ry(x/m) satisfies
P > max{P(m), v}, and m € M;(x). Let m be fixed. According to (22),
the prime P € Rq(xz/m) can be chosen in at most

z (logy(/m)) ™™

m(log(x/m))

different ways. By inequality (26), the number of possibilities for P is

z(log, x)+3 1

< (logz)2 m'

Summing this inequality over all m € M;(x), we derive that

z(logy )+ jests 1
A =
#Ag(z) < %: —

(log x) 2
< z(log, x) ™3 _ T 7
(log x)? (log )+t
which finishes the proof. Il

Now let n be an integer in A(z)\ (US_;A;(2)). Then, by (20), we have
max{vy(n), max{vs(p = D}} + D wp—1)+> wg-1)

pEP1 q€Q

= F(n)+0(1).
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In particular, it follows that

ng(q—l) SZUQ(p—l)—i-O(l). (28)

qeQ peEP

Since, for every prime factor ¢ > y, of ¢(n), there exists a unique p | n such
that ¢ | p — 1 (because n &€ Ay(z)), from (28) we deduce that

Z Z va(qg—1) < ng(p — 1)+ 0(1). (29)

pln Y2 pln
q|p—1

For any real number z > 0, let

For any real number z and positive integer n, we write w<,(n) and w~,(n) for
the number of distinct prime factors of n that are < z and > z, respectively.
Consider the following set of prime numbers:

Ro = {p : u)>f(p)(p —1) <log, p/ 10%3]9}‘

We claim that the estimate

X

#R2(x) < W

(30)

holds. Indeed, let p € Ry(x) be fixed. Since 7(z/logz) < x/(log x)?, we can
assume that p > x/logz. As in the above estimate for the counting function
#R1(z) of Ry, we can assume that P = P(p — 1) > y; and that ¢* does not
divide p — 1 for any prime ¢ > y3 = log x, since the size of the exceptional set
is < z/(logz)?. Finally, we can assume that w(p — 1) < wy, for otherwise
p—1 € As(x), and we have already seen that #A3(z) < z/(logx)?. Now,
write p—1 = Pm, where P = P(p—1) > max{P(m),y }, m satisfies further
w(m) < wy = ¢ logy x, and let Ma(z) be the set of all integers m obtained in
this way. For fixed m € My(z), we apply Brun’s method once again, which
shows that the number of possibilities for p is

T v(logy )’ 1
< S og(w/m)? < (oga)z m
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(for the second estimate, we use (26) and the bound ¢(m) > m/log, m).
Clearly, for m € Ms(x), we have w~ () (m) < logy x/logg x. Thus, if k; and
ks denote the number of prime factors of m which are < f(z) and > f(x),
respectively, then ky < wy, and k3 < wy = |log, 2/ logs x|. Therefore,

. z(log, x)3 1 T
#Ralr) < me%;(x) m O <<1ogx)2> | oy

and

ko

k3
1 1 1 1
SIEED WY Bobort IRTT0 9 o I
meMa(x) iié:ﬁi p<f(x B>1 p<z f>1

Note that for ke < w;, using Stirling’s formula, we have

1 2 elog, f(z) + O(1)\ "™
Ly sd) o (dmsoom

2 \p<s(@) 21
(elog2 z/(logg x)* + O(l)>k2

< o (a2 1+ 0(1)) = (oga)

uniformly in &y < w;. Similarly, for k3 < wy, we have

(ZZ > < <610g21];::-0(1))k3<<(elogQZjO(l))wzx

p<lz (>1
1 1
<em<%&2£):®wwu
logs x

Since the pair (kg, k3) can be chosen in at most O((log, z)?) different ways,
we get that

1
) 1 o(1) 392
> < (o), (32)

meMa(x)

which together with (31) implies our claim (30).
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In particular, it follows from (30) that
1
>l
PER2 p

Now, let n € A(x)\ (U, A;(z)). Using (29) together with the fact that
n & As(x), we see that

Yowep—=1) < Y Y wlg—1) <) wp-1)+0(1)

pln pln Y2 pln
q|p—1
< w3+ 0(1) < log, xlogs . (33)

Put

ya = exp (exp ((logz 7)*)) .
Clearly, every prime factor p of n satisfies precisely one of the following
properties:

(i) p € Ry and p > yy;

(4) p < wya
(7i1) p lies in the interval [yy, z] but not in Ro.

Suppose that n has ks primes of type (i), ks primes of type (i), and kg
primes of type (iii). Note that

if x is sufficiently large. Thus, primes p of type (i7i) have the property that

logyp _ logoys  (logy )
W>y2(p_ ]‘) Z w>f(p)(p_ 1) > loggp Z 10g3 ’y4 - 9(10g4 l‘)27

From (33), it follows that

(logs z)°

kg - (log, 7)? < log, zlogs x,

and therefore
log, = (log, r)?
(logs x)?

ke <
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Let cg be the constant implied in the preceding inequality. Put

log, x . log, x (log, x)*
~ 7 (logya)?

Wy = ) Wr = Ws — We,

logy

and consider the set

= {n e A(x)\ (U} A;(z)) - w(n) > ws} .

Lemma 6. The following estimate holds:

#A7 ([E) <

X

Tog )7 )

Proof. Let R3(x) denote the set of primes p < y, together with the set of
primes p € Ra(x). Clearly,

> Z—<Z +0(1) < logy ys + O(1) = (logy 2)* + O(1).  (35)

pER3(x) ﬁ>1 p<y4

As before, write n = Pm, where P > max{P(m),y;}, and denote by Mj3(x)
the set of all integers m obtained in this way. Since n € A;(x), we know that
m has kg < wg primes p < x that are not in R3(z), and

k7 = ks + ks > w5 — k¢ > w5 — we > wy

primes in R3(z). Further, k7 < w; since n € As(x). For fixed m € Mjs(x),
the prime number P can be chosen in at most

x z(log, ) 1
plm)(og(e/m)? < (loga)? " m
different ways, where we have again used the inequality (26) together with the

fact that p(m) > m/log, m. Summing this estimate over all m € Mj(x),
we derive that

(x/m) <

z(log, x)3 1
—_ — 36
#Asla) < S > — (36)
meMs(z)
where
1 1 1\"™ 1 1 "
CEND DI 0 3) 9E R .
meMs(z) ke <we p<z >1 pER3(z) f>1



For fixed kg < wg, by Stirling’s formula again, it follows easily that

ke
1 1 elog,z + O(1)\ "™ elog, x +O(1)\"*
—— — <
G(IXh) < (o) e (e

p<z B>1
log, x (log, z)?
= exp (O < 982 ( 984 ) >) = (log x)"(l).

logs x

Here, we used the fact that if A > 1 is fixed, then the function ¢ — (A/t)’
is increasing for ¢t < A/e and decreasing for t > A/e. For example, above we
used this argument with A = elog, 2+ O(1) and t = kg < wg < A/e, once x
is sufficiently large.

On the other hand, for fixed k; in the interval [wyr,w;], using Stirling’s
formula again and the estimate (35), we have

k7
1 1 e(logs )% + O(1)\ "
wl X X))

T\ peRs(a) B1
<€(10g3 z)® + 0(1))w7

<
wy

= exp (—(1 + o(1)) logy ) = (logz) "+,

where now we have used the fact that (B/t)" is decreasing for the fixed
B = e(logz z)®> + O(1) and t > w; > B/e, once x is sufficiently large.

Since the pair (kg, k;) can be chosen in at most O((log, x)?) distinct
ways, we obtain that

P
oy = 1+0(1)’
meMs(x) m (IOg l’)
which together with (36) leads to the proof of (34). O

From now on, we consider only integers n € A(xz)\ (UT_;A;(x)). If we
again write every such n in the form n = Pm, and let My(z) be the set of
integers m that arise in this way, then it follows that

1
d — < (logz)™.
— < (log2)

meMy(z)

26



Indeed,

k
1 1 1 log, z (elogyx+ O(1)\"”
Z m Z k! <Zzpﬁ> < logs © ( ws

meMa(z) k<ws p<z B>1
1 |
< o (O (w)) — (log2)"1. (37)
logs x

We now put
Ag(x) ={n € A(x)\ (U;ZIAj(a:)) : F(n) > wsy},
where F'(n) is defined by (15).

Lemma 7. The following estimate holds:

T

#Ag (.T) < W.

(38)
Proof. To prove (38), we follow the same arguments used to bound #.A45(x).
Suppose that we are given an element (t, o, aq, ..., K1, ..., k) of D and
that this element encodes the powers of 2 in n and in p— 1 for the odd primes
p | n, as in the proof of the upper bound (16) for #.A5(z). Assume further
that P = p; for some ¢ € {1,...,t}. When all these data are fixed, the

number of corresponding integers n is bounded above (see inequality (18))

b
y ) =

1 .
X Og2 T . . <C4 10g2 QJ) ;-:1 Kj )

Tt
logx 9ot joiajk;

Since a + 23:1 ajkj > wy = colog, x, and 22:1 k; = w(m) < ws, it follows
that

1 P
(cqlogyx) =" < exp (wslog(cylog, ) — welog 2)

t
ot =1 Ky

= exp(—(1+o(1)) logy @) = (Ig—ﬁ()
Therefore,
#As(z) < #D - log, x - v _ z ,
(log z)2te() — (log )2+
which is the desired result. 0
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In order to continue our argument, we shall need the following technical
result:

Lemma 8. Uniformly for 2 < d < x, the following estimate holds:
1 log, d
Z T« 082 .

e p(d)
p=1 (mod d)

Proof. Let d > 2. For x > d, we first determine an upper bound on the
counting function of the set Ry(x;d, 1) of primes p € Ry(z) in the arithmetic
progression p = 1 (mod d). Without loss of generality, we can assume that
x > exp ((log d)?), for otherwise the inequality asserted by the lemma follows

from the fact that ) l
0gy Yy
K ’
2 p o e(d)

Py
p=1 (mod d)

which is valid for all 1 < d < y (see again (8)). We can also assume that d
is large enough for our purposes at hand. Now, put

log zlogs
=exp| ——>— ).
Y P\ 76 log,

Then, if d is sufficiently large,

(log d)? (logs d + log 2) o d
12log, d '

yZexp(

For each prime p € R(x;d, 1), write p — 1 = dm. We first remark that the
number of primes p for which P(m) < y (and thus, P(p — 1) < y) cannot
exceed

¥ (5y) <5 e (=(1+01)wlogo),

where
1 logz 3logyx

log(z/d)
V= —tt > — = .
logy 2 logy logs x
Hence, vlogv > (3 + o(1)) log, x, therefore the number of such primes p is

T T

< d(log z)3+e() — d(log x)2
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if x is sufficiently large.

Now, consider primes p € R(x;d,1) such that P(m) > y. From this
subset, we discard those primes p for which there exists a prime ¢ > y such
that ¢* | p — 1; it is easy to see, using an argument similar the one used to
analyze the counting function #R;(z), that the number of discarded primes

1S
i T

< < .
dylogy — d(logz)?
For the remaining primes, write p — 1 = dmy P, where p is a prime satisfying
P = P(p—1) > max{P(my),y}. Let M(z) be the set of integers m; that
occur in this way. By Brun’s method, for every fixed value of m;, the number
of possibilities for the prime P is

x < xlog, x 1
p(dma)(log(x/dma))? — p(d)(log(x/dma))?*  my
Since x/(dmy) > P(p — 1) >y, we get that

<

1 1
log(xz/dm,) > logy > 267087 :r,"
log,

therefore the number of possibilities for P is
z(logy)® 1
p(d)(logx)* my’

Recalling that M(z) is contained in the set of those positive integers that
have at most log, x/log, « primes > f(z), the argument used in the analysis
of the counting function #Rs(z) (see estimate (32)) shows that

1
> — < (logx)™.

ma
miEM(x)

(39)

Therefore, summing up the inequality (39) over all the possible values for
my € M(zx), and combining the result with our previous estimates, we obtain
the bound:

X s
2(d)(log 220 = (d)(log 2)772°

if x > exp ((logd)?) and d is sufficiently large. The desired inequality now
follows by partial summation. O]
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Next, defining F'(n) as usual by (15), we show that the following estimate
holds:

Lemma 9.

x 1 v §
#A(x) < W ( (Z : 5 +0 ((1og x)2+0(1)> . (40)
teF(A(@)\(US_, A, (x)

Proof. To prove this lemma, we apply a modification of the argument used
to bound #As(z) and #As(x). We let n € A(z)\ (US_;A;(x)). As before,

we write n = Pm, and we note that m = m' - m”, where

H P and m'" = H P
PP [|m PP || m
pER3(x) PER3(x)

Recall that w(m') = k; and w(m”) = k¢ < wg. Now, let us suppose that

(t, o al,. .. o, Ky, .. k) and (87, o, ..., KT, ..., K}) encode the
powers of 2 in m/ and p, — 1 for i = 1,..., ky (where p; | m’) and in m” and
pj —1for j =1,... ks (where pj | m"), respectively, as in the analysis of

As(x). Suppose further that 27 || P — 1. Then,

t/ t”

F(n):Oép—I—O/—i—O/l—i-ZOé +Za// "

i=1
For each fixed set of data, the number of positive integers counted is

X
xlog, x o
2
< 2a/+a”+ap logx Hm Z Z /5'
i=1 i pleRa(x) p>1Pi
pi=1 (mod 20‘)

K (41>

t”

1
X H m Z Z //6"

j=1 "7 P ¢Rs(x) By >1 pJ
p;’zl (mod 2aJ )
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Clearly,

Y Yogs Y <SS,

PeRy(x) g1 P PLERs (2)
/
pi=1 (mod 2% i) pi=1 (mod 2%)
where 1 )
vera@) T
pj=1 (mod 20‘;) pj=1 (mod 20‘;)

Using Lemma 8 together with the fact that o) < ws, it follows immediately
that S; < (logz x)/2%. We also have

10g2,y4 < (log; 56)3.

Sy K ;
2 20y 20

Since Zfl:l K, < log, x/logs z, the estimates above imply that

K]

" o logo x
1. Y T (g, 2)° B85
n 8 = =y 70
1 1 PiE€Rs(x)  Bi>1 p;ﬁ 2 im

pi=1 (mod 2a i)
(log z)")
=1 """

Furthermore, since

1 1
Z Z //B” Z o < (;gff'-'x’

pi<e =1 P P/gRs(x) I

"
p{=1 (mod 2‘1] ) p/=1 (mod 2%9)

and
t//

log, = (log, r)?
"< L 2 4
2 = < gy

j=1
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we also see that

. (]og x)o(logg z (logy )?/(logs z)2)

1
Hm Z Z //[3” - : T e

j=1 ] //<$ BH>1 pj 2 J=1"3"

p;.’zl (mod 2 J)

1 o(1)

Summing up the preceding estimates (42) and (43) over all possible data sets

(t, o al, ..., Ky, .o k) and (87, 0", off .o ad, kY, .o K], (there are at
most (log z)°) possibilities), and using the estimates we have obtained above
for #A,(x), j =1,...,8, we obtain the desired estimate (40). O

In particular, if we put wg = log, x, and

Ag(x) = {n € A\ (UL, Ay(2) : Fln) > g},
then the above argument and the estimate (40) immediately implies that

X

#Ag(2) < (log z)1+log 2+o(1)” (44)

Finally, we come to the last set Aip(z) = A(x)\ (U_;A;(x)). From now
on, we consider only integers n € Ajg(x).

Lemma 10. The following estimate holds:

#A1o0(z) <

x
(log z)3/2+o(D)

Proof. For n € Ajo(x), write n = Pm, where P = P(n) and m € My(z).
From the inequality (29), we see that

Wop(P=1) D wopo(p—1) < wa(n) + Y wa(p—1) +O(1)

pln pln

= F(n)+0(1).

Let ¢y be the constant implied by O(1) in this estimate. Let v = F(n) < wsg,
and fix the integer v. Put g(p) = (logp)?, let a < w, be a positive integer,
and let

(45)

R4,0¢,V e {p . 204 ||p - 1 and (U>g(p)<p — ]_) S v + 09}'
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Then, P = P(n) € Ry, (x/m) for some positive integer a. We now show
that the estimate

T T
#Rucn(T/m) < 20m(log )h(0)+o(1) + m(log x)2+eo(l)

(46)

holds uniformly for all v < ws, a < we, and m € My(z), where we put
h(6) =2 —dlog(e/d), with 6 = v/log, x. To do this, we first observe that it
suffices to prove only the weaker assertion that
x x
#R47a7u(x) S 204

(log z)M®)+e(1) T (log )2

(47)

holds uniformly for all v < wg and a < wy. Indeed, since z/m > v, it
follows that log(z/m) = (log )'*°") and that §,, = v/ log,(z/m) = § +o(1),
thus (47) implies (46) uniformly for all m € My(x). To establish (47), let p
be a prime in Ry, (). As in the estimation of Ry(z) and Ra(x), we can
assume that P(p—1) > y;, that there does not exist a prime ¢ > y3 for which
¢® | p—1, and that w(p — 1) < w;. Let us write p — 1 = 2°Pm, where m
is odd and P > max{P(m), v}, and let M;(z) be the set of all integers m
obtained in this way. Using Brun’s method again, we see that for each fixed
value of m € Mj(x), the number of possibilities for the prime p is
T z(log, )3 1

< 2ag(m)(og(z/m)2 < 22(logz)? m

(see inequality (26) again). Every m € M;(z) has ks < wg = 0log, z + c9
prime factors larger than ys = (log z)?3, and kg < w; remaining primes which
are < ys; therefore,

k’s k9
1 1 1 1 1
> Ley L(Ea) m(TEl)
meMs(x) Zgézi p<z B>1 p<ys B>1

For fixed kg < wy, we have by Stirling’s formula:

ko
1 1 elog, ys + O(1)\™
_ g E — <
ko! ( p6> - ( ko

p<ys B>1
eloggz + O(1)\™
( ko )
< exp (logsz + O(1)) < log, .
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Similarly, for fixed kg < wg, we have:

ks k w
1 1 elog,z +O(1)\ ™ elog, x4+ O(1)\ ™
— E 5 — <
ks! ( p’@> N ( ks < Wy

p<z >1

< exp (2(6)logy ) = (logx)*®,

where z(9) = dlog(e/d). Thus, since the pair (ks, ko) can be chosen in at
most O((log, z)?) ways, we get that

1
Z — < (logz)*® (log, z)3.
m

meMs(x)
Consequently,
z(log, x)3 1 T
Rian(®) < 522050 Y ) — 4o
2%(log x) mert @ ™ (log x)
< z(log, )° T
- Qa(log I)Q—z(d)—l-o(l) (log I)Q

x L8
2o (log x)M0+e) ~ (log x)2’

which establishes (47).

Returning to the integers n € Ajo(z), we see that each one has the form
n = Pm, where P > max{P(m),y:} belongs to the set Ry, (x/m), and
m € My(z). For fixed values of m, v < ws, and o < ws, the number of
possibilities for P is at most

T z 1
#Ruau(r/m) K (QQ(log x)Mo)+o(1) + (log $)2> m’

Now an argument similar to the one used to prove estimate (40) (and similar
to the one used to find upper bounds on Ajs(z) and Ag(z)), leads easily to
the conclusion that in formula (40) we may replace the first exponent 1+o0(1)
by h(d) + o(1) once § < 1, in particular, when we are counting numbers in
Ajo(z) = {n € Ajp(z) : F(n) = v}. Thus, summing up over all possible
values of a and m, we obtain that

X

# A (z) < (log z:)h(®)+0log 240(1)” (48)
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since h(§) < 2 for § < 1. Finally, summing up over all possible values of v
(at most O(log, ) of them), and noticing that the minimum of the function

h(0) + 0log2 =2 — dlog(e/d) + 0log 2
occurs at = 1/2 with a value of 3/2, we obtain the stated result. O

Theorem 2 now follows at once from the estimates (9), (12), (13), (14),
(16), (21), (34), (38), (44), and (45). .

4 The normal order of p(A(n))/A(p(n))

Theorem 3. The estimate

p(A(n))
Ap(n))

holds on a set of positive integers n of asymptotic density one.

= exp ((1+ o(1))(logyn)*logz n)

Proof. Clearly,

Since the inequalities

p(A(n)) 1 1
A(n) > log, A\(n) = logyn

1>

hold for all n, and the estimate
A(n) = nexp(—(1+ o(1)) log, nlogs n) (49)
holds for almost all n (see [19]), it follows that
p(A(n)) = nexp(=(1 + o(1)) log, nlogy n) (50)

holds for almost all positive integers n.
We also have:

AMW»SAWWNIA(%%~MM)SMMM%f—<
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Here, we used the fact that the prime factors of A(n) and ¢(n) are the same,
together with the (easily proved) fact that if m = ab and every prime factor
of b divides a, then A(ab) | A(a)b. Now, writing

o) _pln)
A(n) n  An)

and using the estimate 1 > ¢(n)/n > 1/log,n together with (49), we see
that

A(p(n)) = A(A(n)) exp((1 + o(1)) logy nlogy n)
holds for almost all n. Applying the result (1) of Martin and Pomerance [36],
it follows that the estimate

M(n)) = nexp (— (14 o(1))(log, n)? log, n) (51)
holds for almost all positive integers n. The result now follows from (50)
and (51). O
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