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Abstract

Let m(n) be the number of ordered factorizations of n > 1 in factors larger than 1. We prove that for
every ¢ >0
nP

" < p(ogm /7 (loglogm T+)

holds for all integers n > n(, while, for a suitable constant ¢ > 0,

nP
m(n)

>
exp(c(logn/loglogn)l/P)

holds for infinitely many positive integers n, where p = 1.72864. .. . is the positive real solution to ¢ (p) = 2.
We investigate also arithmetic properties of m(n) and the number of distinct values of m (n).
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1. Introduction

Let m(n) be the number of ordered factorizations of a positive integer n in factors bigger
than 1. For example, m(12) = 8 since we have the factorizations 12,2-6,6-2,3-4,4-3,2-2-3,
2-3-2,and 3-2-2. By the definition, m (1) = 0 but we will see that in some situations it is useful
tosetm(1) =1 or m(1) =1/2. Kalméar [13] found the average order of m(n): for x — oo,

M(x) = Zm(n):¢xp(l+0(l)), (1)

n<x

where p = 1.72864 ... is the positive real solution to {(p) =2 and ¢ = 0.31817... is given by
¢ =—1/pZ'(p). (Asusual, {(s) = Zn>1 n~%.) Further detailed and strong results on the average
order of m(n) were obtained by Hwang [9].

In contrast, good bounds on the maximal order of m(n) were lacking. Erd6s claimed in the
end of his article [4] that there exist positive constants 0 < ¢ < ¢1 < 1 such that

nP

" < P (Gogm)™)

holds for all n > ng, while

p

) > (Gog )

holds for infinitely many n, but he gave no details. To our knowledge, the best proved bounds on
the maximal order state that m(n) < n® for every n > 1 (Chor, Lemke and Mador [1], a simple
proof by induction was recently given by Coppersmith and Lewenstein [3]), and that for any
& > 0 one has m(n) > n”~¢ for infinitely many » (Hille [8], [3] gives an explicit construction).
(In Lemma 2.4, we strengthen the argument of [1] and show that m(n) < n”/2 for every n > 1.)

Here, we come close to determining the maximal order of m(n). We prove that it is, roughly,
n” / exp((logn)'/?). More precisely, we prove that for every & > 0,

np

"0 < e p(ogm /e /(loglogm)+%)

holds for all n > ng (Theorem 3.1), while

nP

mn) > p(elogm Ve (loglogm)77)

holds with a certain constant ¢ > 0 for infinitely many positive integers n (Theorem 4.1).

The paper is organized as follows. In Section 2, we give auxiliary results, of which Lemma 2.3
on the speed of convergence px — p (px is a “finite” counterpart of p for m(n) restricted
to smooth numbers n with no prime factor exceeding pi, the kth prime number), and Lem-
mas 2.4-2.6 giving explicit inequalities for m(n) and my(n) (my(n) = m(n) if n has no prime
factor > pi and my(n) = 0 else) may be of independent interest. Section 3 is devoted to the proof
of the upper bound. The proof is elementary (uses real analysis only) and is obtained by combin-
ing the combinatorial bounds on m(n) in Lemmas 2.4 and 2.5, standard bounds from the theory
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of prime numbers, and the convergence bound in Lemma 2.3. Section 4 is devoted to the proof of
the lower bound. In the first version of this article, still available at [15, version 1], we proved by
an elementary approach similar to that in Section 3, with the additional ingredient being Kalmar’s
asymptotic relation (1), a weaker lower bound that has (logn)!/? in the denominator replaced
with the bigger power (logn)?/ (p?=Do(D) Here, we prove in Section 4 a lower bound with the
matching exponent 1/p of the logn by a method suggested to us by an anonymous referee. The
method works in the complex domain and combines the uniform version of (1) for my (n) with er-
ror estimates independent on &, bounds on smooth numbers, and again Lemma 2.3. In Section 5,
we give further references and comments on the history of m (n) and some related problems. We
also investigate arithmetical properties of m(n).

2. Preliminaries and auxiliary results

Let us begin by recalling some notation. For a positive integer n we write w(n) and §2(n) for
the number of distinct prime factors of n and the total number of prime factors of n (including
multiplicities), respectively. We use the letters p and g with or without subscripts to denote prime
numbers. We put P (n) for the largest prime factor of n. We write log for the natural logarithm.
In the complex domain (mainly in Section 4), we use s to denote a generic variable and write o
and 7 for its real and imaginary part, respectively, so s = o + it, where i = +/—1. We use the
Vinogradov symbols <« and >> and the Landau symbols O and o with their usual meanings.

The proof of the following estimate is standard and we omit it.

Lemma 2.1. If § > 8y > 1, then the estimate

SLNREIRNPY .
pd 13-llogt <t3—1(logt)2> (

p>t

holds uniformly for t > 2.

Let px be the kth prime. We shall use the well-known asymptotic relations

Z logp=x+ O(x/logx)
p<x

(equivalent to the Prime Number Theorem), and
pk =klogk 4 kloglogk + O (k)

(the full asymptotic expansion py = k(logk + loglogk — 1 + - - -) was found by Cipolla [2]). Let
N be the set of positive integers (including 1) composed only of the primes p; =2, pa, ..., Pk,
and my (n) be the number of ordered factorizations of 7 in factors lying in A \ {1}. We allow
k = 00, in which case py = 00, N, = N is the set of all positive integers, and mso (1) = m(n).
Note that, for k € N, my(n) > 0 iff n € Nj. Further, if my(n) > 0 then my(n) = m(n), and if
n < pi then my(n) = m(n). Let, for complex s with o > 1 and k € N U {00},

1\! 1
as =] (1—;) =2 -

PSPk neN;
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and py be the positive real solution to ¢x(pr) = 2. For k = oo, we get the Euler—Riemann zeta
function ¢ () = {0 (s) and the number p = po. Note that for k € N the series for ¢ (s) converges
absolutely even for o > 0. For every s with o > 1, we have the convergence ¢i(s) — {(s) as
k — oo. For k € NU {oo}, one has the identity (setting m (1) = 1 for every k)

my(n) i 1
Z S ZZ(gk(s)—l)Zm,

n>1 130

which implies that my (n) = o(n”*¢) for every fixed & > 0. Our approach to estimating m (n) is
based on approximating the “infinite” quantities m(n), p, and ¢ (s), with their “finite” counter-
parts my(n), pg, and i (s) for k € N but k — oo. We quantify the degrees of approximation in
the following two lemmas. The first lemma is obtained by considering the infinite series defining
Ck(s) and ¢ (s) and its easy proof is omitted.

Lemma 2.2. We have

p1=1<pp=143527... <p3=156603...<--- < p=1.72864...
and pr — p as k — 00. The convergence {x(s) — ¢(s) as k — 00 is uniform on every complex
domain o > oo > 1 and the same is true for the convergence ¢, (s) — ¢'(s) and for all higher

derivatives. Also, for every k € NU {oo}, we have ¢ (o) <O.

We shall use the above lemma to bound various expressions containing pk, &x(0k), Ck(s),
1/¢{(px), etc., by constants independent on k.

Lemma 2.3. The estimate

o 2 1 (1+O<loglogk)>
P PR= o= DIc ()] kP T(logh)? logk

holds for all k > 2.

Proof. We will assume that k > 2. The equation i (,ok)_l = g“(,o)_1 = 1/2 implies that
1 1
0.(-5)-10-)
2<p<p s P pz2y P
Taking logarithms and regrouping, we get
1 1 1
Z log(l — —) —log(l - —)) =— Z log(l - —)
2<p<pk< pr P p”

The left side satisfies, by Lagrange’s Mean-Value Theorem (the derivative of the function x —
log(1 —1/p*)is (log p)/(p* — 1)),
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1 1
Z log<l—ﬁ>—log< ——)‘(,0 Pk) Z ng

2<p<pk 2<p<m P
> (p — pr)(log2)/3 3)

for some numbers o}, € (o, p) C (1.4, 1.8). The right side is

SR NP RE pap

P 2p
P> Pk P> Dk p P> Pk P

1!
:%(Ho( ! ))
Py log(pr) log py

-17! loglogk
_ oD () o loglogk)y @)
kP—1(logk)~r logk
where we used Lemma 2.1 and the fact that pr = k(logk + O (loglogk)). We get immediately
that

p—pk < (&)

1
ke—1(logk)r”

To do better, we return to (3) and write

1 1 p
ogp _ logp 1+ p (pp—a'p _ 1) )
por—1 pr—1 p°r —1

We have 1 < p% /(p°? — 1) < 2 and, using (5),
p—0p _ _ _ _ .
P — 1< exp((p — p) log pi) — 1 < (o — pi) log pi < T logyr T

Hence, the right side of (3) equals

1 !
(0=p0) ) ng = (0= p0(1+0(K'*(logh)! ")) Y —EF

p—1
2<p<m 2<p<p
_ log p
— 1/2
=(p-p(1+0( ") > T
2<p<pr

Equating the right sides of (3) and (4), we get the relation

logp (p—1D7! loglogk
= 1+ 0 .
(b= D, o = Taoghr \ T\ Tlogk

2<p<pk

All is left to notice is that
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1Z'(p)| log p log p z:bw
= = —|—

Z p— Z b — p—

O Ak Bl Ll ) S

22 log p Lok,
pP =1
PSPk

where the last estimate follows again from Lemma 2.1 via the fact that log p < p'/19:

1 1
Z Og_pl < Z p,o—().l <

P p—1.1
popm P P> Py log p

! <k12,

The claimed estimate now follows. O

In the next three lemmas, we prove combinatorial inequalities involving my (n) and m(n). In
the first lemma, we slightly improve the result from [1, Theorem 5] that my(n) < n®* for every
n > 1. The second lemma is crucial for obtaining bounds of the type m(n) = o(n”). The third
lemma gives some lower estimates on m(n).

Lemma 2.4. For every k € NU {00} and n > 1 (with my (1) =0),
my(n) < ln’o".
S 2

Proof. For every r,s > 1 we have (now setting my (1) = 0),
my(rs) = 2my (rymg(s). (6)

To show this inequality, we assume that 7, s > 2 (for r = 1 or s = 1 it holds trivially) and consider
the set X of all pairs (u, v) where u (v) is an ordered factorization of » (s) in factors lying in
Ni\ {1}, and the set Y of the same factorizations of rs. If u is r =dy - dy - ... - d; and v is
s=ej-ey-...-ej, we define the factorizations of rs

F(u,v) =di-dy-...-di-e1-e2-...-¢j,
G((u,v)):dl ~d2-...-d,'_1 -(d,-el) c€2 ... €.
The inequality (6) follows from the fact that the mappings F and G are injections from X to Y

which moreover have disjoint images. We leave a simple verification of this fact to the reader.

Suppose now that my (ng) > ng" /2 for some ng > 2. Then, for some small § > 0 we have that

Pk
I’lo .

146
Mk(n0)>( ;L )

By repeated applications of inequality (6), we have that for each positive integer i

mi(nd) > 2mi(nd ))? =22 (nd ) = 2 21y ()

1482
>—( _’_2) n(z)pk.
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Let i be so large such that (1 + 8)2i > 2. Put n| = ng. Then the above inequality implies

that my(ny) > nf"+8 for some small ¢ > 0. Then, again by repeated applications of (6), we

have mk(n%j ) > (n?j )PkTe for every j = 1,2,..., which is in contradiction with my(n) =
o(nPte). 0O

Lemma 2.5. Suppose that q1, ..., qx are primes, not necessarily distinct, such that the product
q192 - - - qx divides n. Then, with m(1) = 1,

k
m(n) < (22m)" m@n/q1g2- q0)- ™)
Proof. It suffices to prove only the case k = 1; i.e., the inequality
m(n) <282(n)-m@n/p), (8)

where p is a prime dividing n, because the general case follows easily by iteration. Let X be
the set of all pairs (u, i) where u is an ordered factorization of n/p (in parts bigger than 1), and
i is an integer satisfying 1 <i < 2r 4 1, where r is the number of parts in u. Let Y be the set
of all ordered factorizations of n in parts bigger than 1. We shall define a surjection F from X
onto Y. This will prove (8) because r < £2(n/p) = §2(n) — 1, and therefore for every u we have
2r + 1 <282 (n) pairs (u, i), and so

m(n) = Y| < | X[ <282(n) -m(n/p).

For (u,i) € X, whereuisn/p=d;-dy-...-d,, we define j =i — r and set F((u, i)) to be the
factorization

n=dy-...-di—1-(pd;) - diy1-...-dp,
if 1 <i <rand
n=d-....di_y-p-dj-... d.

ifr+1<i<2r+1 (for j =1, p is the first part, and for j =r + 1 it is the last one). It is clear
that F is a surjection. 0O

Lemma 2.6. If ny,ny, ..., ng are positive integers such that for no i # j we have n; | nj, then
m(niny---ng) Zk!'-mmpmna)---m(ng).
This implies that for every n > 1 we have
mn) = wm)! - 2200 gnd mn) > 29071
Proof. Let X be the set of all k-tuples (u1, us, ..., ux), where u; is an ordered factorization
of n; in parts bigger than 1 and let Y be the set of these factorizations for nin; - - - ny. For every

permutation o of 1,2, ..., k, we define a mapping F, : X — Y by

Foui,up, ... up) =tgy Ug@) - Ug(k)s
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i.e., we concatenate factorizations u; in the order prescribed by o. It is clear that each Fy is
an injection. Suppose that Fi; (11, u2, ..., ur)) = Fr(v1, v2, ..., v)) for some permutations o, T
and factorizations u; and v;. It follows that u (1) is an initial segment of v(j) or vice versa, and
hence n4 (1 divides n (1) or vice versa. This implies that o (1) = 7(1) and us (1) = v¢(1). Applying
the same argument, we obtain that o (j) = 7(j) and us(j) = v¢(j) also for j =2,..., k. Thus
o=tanduj=v; for j =1,2,..., k. We have proved that the k! mappings F, have mutually
disjoint images. Therefore

kKlm(n)m(na)---m@ng) =k X| < |Y|=m(niny---ng).
Ifn= qi’lqg2 e q,‘:k is the prime factorization of n, applying the first inequality to the k
numbers n; = qf" and using that m(p®) =2*~!, we obtain

k
m(n) > k[ [2% " = k1 220k,

i=1

which is the second inequality. Using that k!/2% > 1/2 for every k > 1, we get the third inequal-
ity. O

Note that m(n) > 2™~ is tight for every n = p°.

3. The upper bound
We prove the following upper bound on the maximal order of m(n).

Theorem 3.1. We have
nP
= exp((logn)!/? /(loglogn)1+o)

m(n)

asn — oQ.

Proof. Let ¢ > 0 be given. To bound m (n) from above, we split the integers n > 0 in two groups,
those with w(n) < k and those with w(n) > k, which we shall treat by different arguments; the
optimal value of the parameter k = k(n) will be selected in the end of the proof.

The case w(n) < k. Letn =q{"q5*---q;", r <k, be the prime decomposition of n where g; <
g2 < --- < qr. We denote by 7 the number obtained from n by replacing ¢; in the decomposition
by pi, the ith prime. Then 2 < n. From the fact that m(n) depends only on the exponents @; and

from Lemma 2.4, we get
mn) =m@) =m,[@1) <n” <n*.

Thus, by Lemma 2.3,

m(n) < nP*
=n"exp(—(p — pr) logn)
1
—n? exp(—(c+0(l))%), )

where c =2(p — )¢/ ()| 7! > 0.
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The case w(n) > k. Let [(n) be the product of some k distinct prime factors of n; then [(n) >
P1DP2 - Pk, the product of the k smallest primes. We have the estimates

> logp = p+ O(pi/log pi) = klogk + kloglogk + O (k),
PPk

and
282(n) < (2/log2)logn < 3logn.

By Lemmas 2.4, 2.5 and the above estimates,

k e 1
mn) < (2.{2(;1)) m(n/ﬁ(n)) < (3logn) 2y

< Blogn)f ————
(p1--- PP

= n” exp(—k(plogk + ploglogk —loglogn + O(1))). (10)

To determine the best upper bound on m(n), we begin with k in the form k = k(n) =
(logn)*T°M where « € (0, 1) is a constant. Necessarily > 1/p, for else the argument of exp
in (10) is eventually positive and we get a useless bound. It follows that the optimumis o = 1/p,
when the arguments of both exps in (9) and (10) are —(log n)V/P+o) " provided that

plogk + ploglogk —loglogn + O(1) > ¢’ >0 (11)
for all sufficiently large n. Now we set, more precisely,

1

k= k(n) = {MJ
(loglogn)4

with a constant d > 0. With this &, the function in (11) becomes p(1 —d + o(1)) logloglogn +

O (1), and we see that condition (11) is satisfied for d < 1 (for d > 1 the argument of the exp

in (10) is again eventually positive). With this &, the arguments of the exps in (9) and (10) are,

respectively,

(logn)l//) (]ogn)l/P
" (loglogn) 1+ D{I=d)Fo() an ~ loglogmd+oM"

Settingd =1 —¢/(2(p — 1)), we obtain the stated bound with 1 4 ¢ 4+ o(1) for the exponent of
loglogn. Since ¢ > 0 was arbitrary, letting n tend to infinity we get the desired estimate. O

4. The lower bound

We prove the following lower bound on the maximal order of m(n).



M. Klazar, F. Luca / Journal of Number Theory 124 (2007) 470-490 479

Theorem 4.1. There exists a constant ¢ > 0 such that the inequality

nP

m(n) > T
exp(c(logn/loglogn)!/r)

holds for infinitely many integers n > 0.

We shall see that it is possible to take ¢ = 3.02. We begin with explaining the effective
Ikehara—Ingham theorem on Dirichlet series. We then apply it to 1/(2 — ¢x(s)) to obtain an
asymptotic relation for the average order of my(n) with an error estimate independent on k. Fi-
nally, combining this relation with an estimate on the density of smooth numbers, we obtain
Theorem 4.1. For the background on Dirichlet series, we refer to Tenenbaum [27].

Suppose that (a,,),>1 is a sequence of non-negative real numbers with the summatory function

A=) an.

n<e!

and the Dirichlet series
00 o0
_ ap _ —st
F(s) = Zn—s —/e dA().
n=1 0—

Suppose that F(s) converges for o > a > 0. We may assume that a is the abscissa of (absolute)
convergence; then, by the Phragmén—Landau theorem, a is a singularity of F(s). The effective
Ikehara—Ingham theorem, proved by Tenenbaum [27] (who used the method of Ganelius [5]),
extracts an asymptotic relation for A(x) as x — oo from the local behavior of F(s) near a and,
moreover, it provides an explicit estimate of the error term in terms of the regularity of F(s) on
the vertical segments a + o +it, =T <1 < T, as 0 — 0+. We quote the theorem verbatim
from Tenenbaum [27, p. 234].

Theorem 4.2 (“Effective” Ikehara—Ingham). Let A(t) be a non-decreasing function such that
the integral

o]

F(s) :=/‘e_” dA(r)

0
converges for o > a > 0. Suppose that there exist constants ¢ > 0, w > —1, such that the function

F(s+a) c
s+a sotl

G(s) = (0>0)

satisfies

T
n(o, T) ::a“’/|G(2c7+ir)—G(o+ir)|dr=0(l) (0 — 04) (12)
-T
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for each fixed T > 0. Then we have

A(x) = { O(,o(x))}e”xxw (x>1), (13)

Cc
T'w+1) "
with

p(x) = . H){T +n(1/x,T) + (Tx)~~'}.

Furthermore, the implicit constant in (13) depends only on a, ¢, and w. An admissible choice for
this constant is

5241652c(a+ (@ + 1) +69¢(1 + (0 + De' ™ (w + D) /T (0 + 1).
Note that for a meromorphic F(s) with a simple pole at s = a (so w = 0), the condition (12)
is satisfied iff F'(s) has on the line ¢ = a no other poles.

We shall apply Theorem 4.2 to the functions

my(n) _ 1
n 2= G(s)

F(s)=Fi(s)=)

n>1

fork>2,a=pr, c=cy= —l/pkg“,é(,ok), and w = 0. It is not hard to prove (we do this in the
next proposition) that py is the only pole of Fi(s) on o = px when k > 2 (this is not true for
k = 1) and thus, by Theorem 4.2,

Z my(n) = (ck + 0(1))xp" (x = 00)

n<x

for each fixed k > 2. (In contrast, Zn@ my(n) =2" — 1, where 2" < x < 2"+1)) To get a good
lower bound on m(n), we have to strengthen this by obtaining uniformity in k of the error
term o(1). This follows from Theorem 4.2, once we prove that for F(s) = Fy(s) the condi-
tion (12) is satisfied uniformly in k.

Proposition 4.3. Let, for k > 2,

Fe(s+p1)  cr _ 1 Gk

Gi(s) = —
s+ ok s Q-GG+ +m) s

and T > 0 be arbitrary but fixed. Then

hm f\Gk(z(; +it) — Grlo +it)|dr =

-T

uniformly in k > 2; that is, the condition (12) holds uniformly in k.
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Proof. Let 1(0) = o'/3; any function (o) > 0 satisfying, as ¢ — 0+, that #(c) — 0 and
o/t(c)* = 0 would do in our argument. For every fixed T > 0, we bound the integrand by a
quantity that depends only on o and not on t and k > 2, and that goes to 0 as ¢ — 0+; this will
prove the statement. We manage to do this by splitting [—7, T] in two ranges, t (o) < |7| < T
and |7| < (o), in which we apply different arguments.

The range t (o) < |t] < T. Denoting by y the horizontal segment with endpoints o + it and
20 + it, we have the bound

<o |Gp(0)],

|Gk(20 +it) — Gk (0 +iT)| = '/G;(z) dz
14

where sp is some point lying on y. The derivative of G (s) equals

(s + P05 (s + o) + ol + o) =2 ek
(2 — gk (s + pr))2 (s + px)? 52

G;C(S) =

We bound the numerators and denominators of this expression. As for the numerators, by
Lemma 2.2, there is a constant ¢ = ¢(T) > 0 depending only on 7 such that

(s + P (s + o) + Se(s + o) = 2|, ekl <c

holds for every k > 2 and s with 0 < o < 1 and |7| < T. For the second denominator, we have,
in our range and for0 <o < 1,

fog fog a3/’ 3/5

< = < .
o2 So241(0)2 o1 °

We bound the first denominator. Clearly, |s + pox|> > ,o,% > 1 for every s with o > 0. For every
k > 2 and every s with 0 < o < I and any 7, we have

1

2-ts+p| ZRe@ =G +p0) = D ——(

n>1
P(n)< pr

n® — cos(t logn))

and, consequently (recall that k > 2 and 1 < py < 2),

2
|2 G+ ,Ok)|2 - (2 cos(t log2) — cos(t logS)) . h(D).
27

Since 2% = 3 holds for no rational «, £(t) = 0 only for T = 0. The function A(7) is continuous,
increasing in a right neighborhood of 0, and even and () ~ ft* as T — 0 for a constant 8 > 0.
Thus, there is a constant 81 = B81(T") < 1 depending only on T such that if 0 < o < 1, then the
minimum of A (t) on [t (o), T] is attained at 7 (¢') and h(z(c)) > Bt(c)*/2. Hence, in our range
and for 0 < 20 < By,

o 20 20175
< =
12 — &k (so + pi)|% - Iso + pel> — Bi(o)* B
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Taking together all estimates, we have in our range and for 0 < o < /2 that
(G120 +it) — Gi(o +i1)| < 0| Gl (s0)| < c(20'°/8 +0%),

which is the required bound.
The range |t| < t(o). We prove that there is an absolute constant § > 0 such that for every
k > 2 and s with |s| < § we have the expansion

Gi(s) =dr + O(s),

where dj is a constant and the constant implicit in O is absolute. (We need independence on k
both for the constant in O(s) and for the domain of validity of the error estimate.) Then if
0 <o <8 /32 and |t| < t(0), both numbers o + it and 20 + it satisfy |s| < &, and we have
the bound

|Gr(20 +it) — Gi(o +it)| = O(lo +it|+ 20 +it]) = O(c/?)

with absolute constants in the Os, which is the required bound.
We begin with the origin-centered closed disc B = B(0, 0.1); the point of the radius 0.1 is
only that p» — 0.1 > 1. We define functions f(s) by

Ci(s + pr) — 2 — s¢l (o) — s (pr) /2
53 '

fi(s) =

Let ax be the maximum value taken by |{x(s)| on the circle |s — pr| = 0.1. By the maximum
modulus principle (fi(s) is holomorphic on B), for every s € B we have

| fe(9)| < 10* (ax +2+ 1071 ¢ (o) + 10725 (01) /2).
Thus, by Lemma 2.2, there is an absolute constant M > 0 such that
|fi)| <M

holds for every s € B and every k > 2. We rewrite x(s + px) = 2 + s¢, (pr) + szgé’(pk)/Z +
3
s” fk(s) as

1 1 1
C—CGHmG 0 sasion  1+s/ok
1
T8 (o0 /28] (o) + 52 £ (5) /€L (or)
1 1 1

= — 7 X X 7} .
soelp(ok)  1+s/pr 1+ sbp +s=hi(s)

It follows, by Lemma 2.2 and the bound | fx(s)| < M valid on B, that thereis a §, 0 < § < 0.1,
such that |s/px| < 1/2 and |sby +s2hy(s)| < 1/2 whenever |s| < § and k > 2. Using the estimate
(1+s)"'=1—s5+ 0(s?), valid for |s| < 1/2, and Lemma 2.2, we obtain for k > 2 and |s| < &
the expansion
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I _ c_k<1 s 0(S2)> (1 e 0(s2)>

Q-G+ +p) s Pk 28, (o)

Ck 1 gl (o) )
S +0G),
ck(pk 25 ) 7OV

where ¢y = —1/px {,é (pr) and the constants in the Os are absolute. Now the required expansion
G (s) =di + O(s) (valid for |s| < 8 and with an absolute constant in the O) is immediate. O

Corollary 4.4. There is a constant By > 2 such that for every x > B> and every k > 2 we have

mn) = my(n) > x" /5.
> >

n<x n<x
P(n)<pr

Proof. By Theorem 4.2 and Proposition 4.3, there is a function e(x) > 0 such that e(x) — 0 as
x — 00, and for every x > 1 and every k > 2 we have

Z my(n) — cpx™| < e(x)x’*.
n<x
The sequence of ¢y = —1/ ,okglg(,ok), k =1,2,..., monotonically decreases and converges to

Coo = ¢ = —1/pC’(p) > 0.3. Thus, if x is big enough so that e(x) < 0.1, then the sum
Zn@ my (n) must be bigger than 0.2x%. O

We now proceed to the proof of Theorem 4.1. We denote, as usual,
¥ (x,y) =#{n <x: P(n) <y}

By Corollary 4.4, for every k > 2 and x > f3; there exists an ng < x such that

Pk xP
v (x, — = )
(%, pe)m o) > 5 Sexp((p — px)logx)

We select k = k(x) so that it satisfies
k = (logx)*toM

as x — 0o, for some absolute constant « € (0, 1) (we make our choice of k more precise later).
Then

px = (1 +o0(1))klogk = (logx)* o).
A theorem due to de Bruijn (see Theorem 2 in Tenenbaum’s book [27, p. 359]), shows that
log(¥ (x, pi)) = (1 +0()Z,

where
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1 1
7= 8% log<1+ P )—l—&log(l-l- ng)
log pr logx log pr Pk

log x
— Pk (1+0(D) + Pk 1og(1+i)
log pi log px Dk

= (l +0(1))k(10g10gx —logk).

By Lemma 2.3,

c1+o(l)

e AT

where c; =2/((p—1)|¢’(p)]). Substituting both estimates in the lower bound on ¥ (x, px)m(ngp),
we get (absorbing the 5 in the denominator in the o(1) terms),
xP

exp(cr (1 + o(1))“_}°ﬂ% + (1 + o(1))k(loglogx — logk))

m(ng) >

This suggests to choose k so that both terms in the argument of the exponential,

log x

W and k(loglogx —logk),

are of the same order of magnitude. This occurs when o = 1/p, more precisely when
k= |d(logx)'/*(loglogx)~ ¥t/ |

with any constant d > 0, because then

! 1 1/p
g d' " p? (14 0(1)) _08x )
ko1 (logk)” loglog x
and
1 I/p
k(loglogx—logk)z(l_pl)d(1+0(1))< ogx ) '
loglog x

Thus, for this selection of &,

xP

m(no) > ,
exp((c + o(1) (o) /7)

where ¢ > 0 is a constant depending only on the choice of d. The lower bound eventually in-
creases monotonically to infinity, and we conclude that there exist infinitely many numbers ng
satisfying

P
&)

exp((c + o(1) (obnt) /7).

m(ng) >

The proof of Theorem 4.1 is complete.
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It is not difficult to find the optimal value of d; it yields the value

1 1/p
_ (pHl /P _ 2pP7" ~
Cc= (pp Cl) = <m ~3.01091.

5. Historical remarks and arithmetical properties of m (n)

We continue with a survey of some previous results on m (7). We restrict our attention only to
works dealing directly with this quantity. There are many other variants of factorization counting
functions (with restrictions on factors, counting unordered factorizations, etc.), and for a survey
on these we refer the reader to Knopfmacher and Mays [16].

Kalmar proved in [14] that the error term o(1) in (1) is

1
O (exp(—aloglogx - logloglogx)), forany o < 20 Dlog2 ~ (0.98999.

Ikehara devoted three papers to the estimates of M (x). In [10], he gave weak bounds of the type
M (x) > x"~¢ on a sequence of x tending to infinity, and M (x) < x”T¢ for all large enough x.
In the review of [10], Kalmar pointed out a gap in the proof and sketched a correct argument.
In [11], Ikehara gave a proof of (1) with an error bound O (exp(g loglogx)) for some constant
q < 0, which is slightly weaker than Kalmar’s result. Finally, in [12], he succeeded to get a
stronger error bound

O(exp(—a(loglogx)y)), forO0 <a <1/2 and any y <4/3.

Hwang [9] obtained an improvement of Ikehara’s last bound by replacing 4/3 with 3/2.
Rieger proved in [23], besides other results, that for all positive integers k, ! with (k,l) =1
one has

1 +0(1) -1
= ——— M) = ————x"(1+o(1)).
néx;sl(k)m(n) o = Swr (1+0())

Warlimont investigated in [28] variants of m(n) counting ordered factorizations with distinct
parts and with coprime parts and estimated their summatory functions. Hille in [8] proved that
m(n) = O(n”) and that m(n) > nP~¢ for infinitely many n. We already mentioned in Sec-
tion 1 the remark of Erdés on m(n) in [4] and we mentioned (and improved) the result of Chor,
Lemke and Mador [1] that m(n) < n” for all n. Other elementary and constructive proofs of
the bounds m(n) < n® and limsup, m(n)/n®~% = oo were recently given by Coppersmith and
Lewenstein [3].
We now turn to recurrences and explicit formulas. The recurrence m (1) = 1 and

mm)= Y m(d) forn>1 (14)

din,d<n

is immediate from fixing the first part in a factorization. If we set m*(1) = 1/2 and m*(n) = m(n)
for n > 1, then 2m™*(n) = Zd‘nm(d) holds for all » > 1. By Mobius inversion, m(n) =
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2261‘" u(d)ym*(n/d) for all n > 1. For n = qi"qé’z g/ > 1, this can be rewritten as the re-
currence formula

n n n
=2 —) - o (=D <7>> 15
e (Zm(%) Zm(%q/’) b Q192 qr (1

i<j

in which we must set m (1) = 1/2. Formulas (14) and (15) are from Hille’s paper [8]. In fact, (15)

is stated there incorrectly with m (1) = 1, as was pointed out by Kiihnel [17] and Sen [24].
Clearly, m(p®) = 2%~! because ordered factorizations of p® in parts > 1 are in bijection with

(additive) compositions of a in parts > 0. If p # g are primes and a > b > 0 are integers, we

have the formula
b a\ (b
a_b a+b—1 —k
m 2 E 2
(p 4 ) = (k) <k>

that was derived in [1] and before by Sen [24] and MacMahon [21]. In particular,
m(p“q) =(@+2)2" and m(p”qz) = (a2 +7a + 8)2”_2. (16)

In general, forn =¢{"qy*---q;",and a = a; +as +- - - +a,, MacMahon [21] derived the formula

@ I ar+j—i—1
-5 ()
j=1i=0 k
A more complicated summation formula for m(ql1 gz -g/") but involving only non-negative
summands was obtained by Kiihnel in [17,18]. Let dx(n) be the number of solutions of n =
niny---ng, where n; > 1 are positive integers; so d»(n) is the number of divisors of n. Sklar [25]
mentions the formula

mny = %0 (17)

2k+1
k=1

Somewhat surprisingly, m(n) has an additive definition in terms of integer partitions. We say
that a partition (141,29 ... k%) of n is perfect, if for every m < n there is exactly one k-tuple
(b1,...,by), 0 < b; <a; for all i, such that (171,252 ... kP¥) is a partition of m. MacMahon
[19] proved the identity

m(n) = # perfect partitions of (n — 1).

For example, since m(12) = 8, we have 8 perfect partitions of 11, namely (12, 3,6), (1, 22, 6),
(1°,6), (1,2,4%), (13,4%), (12,33), (1,2°), and (1'1).

In the conclusion of the survey of previous results, we should remark that from an enumerative
point of view it is natural to consider m(n) as a function of the partition A = (ay, az, ..., ax) of
£2(n), where n = qflqu q,f" with a; > ap > --- > ay, rather than n. Then m()) is defined
as the number of ways to write A = vy + v2 + --- + v;, where each v; is a k-tuple of non-
negative integers, the order of summands matters, and no v; is a zero vector. So m () is naturally
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understood as the number of k-dimensional compositions of A. This approach was pursued by
MacMabhon in his memoirs [19-21] (see also [22]).
The sequence

(m(n))n>1 =(,1,1,2,1,3,1,4,2,3,1,8,1,3,3,8,1,8,1,8,3,3,1,20,2,...)

forms entry A074206 of the database [26]. Continuing the sequence a little further, we notice that
m(48) =48 and that n =48 = 24 .3 is the smallest n > 1 such that m(n) = n. The first formula
in (16) produces infinitely many n with this property: setting n = 22¢~2¢ with a prime ¢ > 2, we
get m(n) = n. We record this observation as follows:

Proposition 5.1. There exist infinitely many positive integers n such that m(n) = n.

This result was obtained independently also by Knopfmacher and Mays [16].
We look at periodicity properties of the numbers m (n2). The recurrence (15) implies easily the
following result.

Proposition 5.2. The number m(n) is odd if and only if n is square-free.

It would be interesting to characterize the behavior of m(n) with respect to other moduli
besides 2. In the next proposition, we give a partial result in this direction. Recall that an integer
valued function f (n) defined on the set of positive integers is called eventually periodic modulo k
if there exist integers ng and 7 such that f(n) = f(n + T) (mod k) for all n > ny. We show that
m(n) is not eventually periodic modulo k by proving a stronger result that m () is not eventually
constant modulo k on any infinite arithmetic progression with coprime difference and first term.

Proposition 5.3. The function m(n) is not eventually constant modulo k, where k > 2, on any
infinite arithmetic progression n = A (mod K), K > 2, with coprime A and K.

Proof. By Dirichlet’s theorem, this arithmetic progression contains infinitely many prime num-
bers and therefore m(n) = 1 for infinitely many n = A (mod K'). We select a prime g not dividing
K and an integer z (coprime with K) such that gz = A (mod K). Since there are infinitely many
prime numbers congruent to z modulo K, there are also infinitely many n = A (mod K) of the
form gp, where p is a prime. Thus, there are infinitely many n = A (mod K) with m(n) = 3.
Because 1 #£ 3 (mod k) for k > 2, we are done if k > 2. For k =2, m(n) =1 (mod 2) for in-
finitely many n = A (mod K) as before. As we noted, m(n) is even iff n is not square-free. It
follows that m(n) = 0 (mod 2) for infinitely many n = A (mod K) as well, which settles the case
k=2. O

For (A, K) > 1, Proposition 5.3 in general does not hold. For example, by Proposition 5.2 we
have n =4 (mod 8) = m(n) =0 (mod 2) and therefore m(n) is constantly 0 modulo 2 on the
progression n = 4 (mod 8).

Recall now that a sequence (f (1)), >1 is holonomic if there exist positive integer polynomials
g0, - - -, 8k, not all zero, such that

gk fn+k)+g—1(n)f(n+k—1)+---+go(m)f(n)=0 foralln>1.  (18)
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Proposition 5.4. The sequence m(n) is not holonomic.

Proof. Dividing (18) by one of the (non-zero) coefficients g; with the largest degree, we obtain
the relation

fo+ =Y hi@f@+i),

0<i<k, i)

where the h;’s are rational functions such that each %;(x) goes to a finite constant ¢; as x — 0o
(we may even assume that |¢;| < 1 for every i). Hence there is a constant C > 0 (depending only
on k and the polynomials g;), such that

|f(m)| < Cmax{|f(n+i)|: —k<i<k, i#0} foreveryn>k+1.

We show that (m(n)), > violates this property.

We fix two integers k, a > 1 with the only restriction that a is coprime to each of the numbers
1,2,...,k. It is an easy consequence of the Fundamental Lemma of the Combinatorial Sieve
(see [6]) that there is a constant K > O depending only on k so that

Q((an—k)(an—k+1)~~-(an—1)(an+1)-~~(an+k))<K

holds for infinitely many integers n > 1. For each of these n’s, the 2k values m(an + i), —k <
i <k and i # 0, are bounded by a constant (depending only on k) while the value m(an) is at
least m(a) and can be made arbitrarily large by an appropriate selection of a. This contradicts
the above property of holonomic sequences. 0O

Remark 5.5. The above proof can be adapted in a straightforward way to show that other number
theoretical functions such as w(n), £2(n) and t(n), where 7(n) is the number of divisors of n,
are not holonomic.

We present two more estimates related to the function m(n).
Proposition 5.6. The estimate
#{m(n): n <x} < exp(nm(l +0(1))(logx)l/2)
holds as x — oc.

Proof. Because m(n) depends only on the partition a + - - - +a; = £2(n), where n = g¢{" - - - ¢;*
(g1, - .-, qk are distinct primes and a; > ap > - - - > a > 0 are integers), we have that

#mm): n <x}<p()+pQ2)+---+ p(r) <rp(r),

where p(n) denotes the number of partitions of n and r = max,, <, £2(n). The result follows from
r < logx/log2 and the classic asymptotic relation p(n) ~ exp(;r+/21/3)/(4n+/3) due to Hardy
and Ramanujan [7]. O

We show that the same bound on the number of distinct values of m(n) holds when the con-
dition n < x is replaced with m(n) < x.
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Proposition 5.7. The estimate
#{m(n): mn)<x, n= 1} < exp(nm(l —i—o(l))(logx)l/z)
holds as x — oo.
Proof. As in Proposition 5.6, we have
#lm): mn) <x, n =1} <p()+pQ2) +---+ p(r) <rp(r),

where now r = max,,»)<x £2(n). By the third inequality in Lemma 2.6, 2" —l = pfm-1 ¢
m(n) < x for some n. Thus, r < 1+ logx/log2, and the result follows as in the proof of Propo-
sition 5.6 using the asymptotics of p(n). O

In conclusion we mention some research directions. It would be nice to gain more information
on the modular behavior of m(n). There is still a small gap between our bounds on the maximal
order—can one lower the exponent 1 + o(1) in Theorem 3.1 to 1/p + o(1)? What can be said
about the structure of highly factorable numbers, i.e., numbers satisfying m(n) > m(u) for all u,
1<u<n?
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