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1. Introduction and results. The divisors of Mersenne numbers, ie., the
divisors of numbers of the form 2"—1, have been investigated by several
authors. Recently C. Pomerance [8] has obtained results on the magnitude
of the reciprocal sum of the primitive divisors of Mersenne numbers proving
and disproving some conjectures of P. Erdos [3].

In this note we consider only the prime divisors of Mersenne numbers. Put

i .
fm= %Y =, n>1
pizs-1 P
that is, f(n) is the reciprocal sum of the distinct prime divisors of the nth
Mersenne number. P. Erdés [3] showed that there is a positive constant ¢ such
that '

)

- f(n) <logloglogn+c

for all large n. (Throughout the paper, we use c as a generic absolute constant,
not necessarily the same at each appearance.) It can be easily seen that, apart
from the precise value of c, this result is best possible: if n = m!, then pi2"—1
for all odd primes p <m and so ‘

fm= Y 1> loglogm+c > logloglogn+c.
2<p€m o
On the other- hand the reciprocal sum of the prime divisors can be
arbitrarily small. For example, by a superficial argument, f () < ¢/log n follows
if n is prime, since in this case every prime divisor of 2"—1 is greater than n
and the number of distinct prime divisors is less than cn/logn. Furthermore
from a result of P. Kiss and B. M. Phong [6], obtained for Lucas numbers,
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it follows that the average order of f (n) is less than an absolute constant in the
interval (x, x+loglog x) if x is sufficiently large.

In this paper we show that f(n) can be “large”, but not “too large”, for
arbitrarily many consecutive integers and we give an asymptotic formula for
the average order of f(n) which holds in “short” intervals.

TuroreM 1. For any positive number C and integer s there exist consecutive
integers n, n+1, n+2, ..., n+s such that

fn+)>C fori=0,1,...,5

In fact we are able to prove the following stronger form of Theorem 1. Let
log,n denote the k-fold iterated natural logarithm.

THEOREM 2. For each integer k =2, there are infinitely many n with
min{f(n), f(n+1), ..., (n+k—1)} > logy+,n+clogs 37,
where ¢ is an absolute constant.

One might wonder how close Theorem 2 is to the truth. It might seem that
saying (in the case k = 2)

min{f (n), f(n+1)} = log,n+clogsn
for infinitely many n is a quite weak result and that one might expect
min {f (n), f (n+ 1)} = Q(logsn).

In fact this is false. We show

THEOREM 3. There is an absolute constant ¢ such that
min{f (1), f (n+ 1)} < c(logyn)**(log,m)'”*  for all large n.

There is still a huge gap between Theorem 2 in the case k=2 and
Theorem 3. Almost certainly Theorem 2 is closer to the truth and in fact we can
shiow this conditionally on the Extended Riemann Hypothesis. '

THEOREM 4. Assume the Extended Riemann Hypothesis holds for the
Dedekind zeta functions for the fields K, for each prime p, where K, is the Galois
closure of Q(2'/%) and Q is the field of rational numbers. Then for every integer
k=2 we have

min{f (), f(n+1), ..., (r+k—1)} < 3logy+an+ck,
where ¢ is an absolute constant, for all sufficiently large n.

In fact, with a bit more work and assuming a stronger form of the ERH
(namely, that it holds for each K, where d is squarefree), we can replace the
coefficient “3” in Theorem 4 with “1”. However, we do not present this proof
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here. Note that this does not contradict Theorem 2 since the coefficient ¢ in
that theorem turns out to be negative.
Consider the function

o0 =27

where the sum is over all primes p. In some ways g(n) models the function f (n),
since we can view g(n) as taking 1/p with “weight” (p—1, n)/(p— 1), while the
“probability” that p|2"—1 is (p—1, n)/(p—1), since p|2"—1 if and only if 2 is
a (p—1)/(p—1, n) power mod p. (This heuristic is not completely accurate since
it ignores the special nature of the quadratic character of 2 mod p.) We can
prove unconditionally that the maximal order of

min{g(n), g(n+1), ..., gln+k—1)}

is logys+,n+0(loge.3n) for every k> 1, but we do not give the proof
here.
It is easy to see that there is a constant ¢, > 0 such that

_i () =cox+o(x)

for any integer x. We show this average result continues to hold for quite short
intervals.

THEOREM 5. If z = z(x) is an Jnteger valued function for which

¥4

T—e———— 00 4§ X— 0,
logloglog x

then for any natural number x,

x+z

Y S =coz+0(2).

R=x
Throughout the paper the letters p, g will always denote primes.
2, Notes and proHems. From Theorem 5 it follows that

1 X
= Y f(n)-c, as x—oc0.
n=1

Now put

Hm= ¥ 1.

pi2n-1
p<T
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It is easy to prove that for any T >0

1 x
=S flver (o)
n=1

and c¢;—co as T—co. Further we can prove that if y— oo as slowly as we
please then

LS her
y x<nsx+ty

Note that Theorem 5 is best possible; ie., it fails if z < logloglog x. We
only have to remark that, as we have seen above, /' (n) > logloglog n is possible.

It can also be proved by more or less standard methods that the density of
integers n for which f(n) < C exists and is a continuous function of C. The
same distribution holds for any interval x <n < x+g(x)logloglog x, where
g(x)— oo as slowly as we please. We suppress the proofs.

Perhaps the following problem is of some interest and not unattackable. Is
it true that

x+z

Z' f(n) =coz+0(2)

whenever z > logloglog x, where the dash indicates that the largest term in the
sum is deleted? In the spirit of Theorems 3 and 4, perhaps this is true under the
assumption

zf ((log3 x)2/3(10g4x)1/3) -0
or even, assuming the ERH,
z/log,x — c0.
As we see from Theorem 2, we cannot hope to do better than z/log,x — 0.

Generalizing, it is possible that for each fixed k,

x+tz

Y® f(n) = coz+0(2)

when z/logy + 3 X = 00, where ) * indicates that the k largest terms are omitted
from the sum.

In the introduction we remarked that f (p) < i/logp is fairly trivial. In fact
using the fact that primes q|2?—1 satisfy ¢ = 1(mod p) and the
Brun—Titchmarsh inequality, we can prove

f(p) < (loglog p)/p.

We conjecture that pf(p) is unbounded, but this is probably a very hard
problem. Note that there is a “large” infinite set S of primes p (large in the sense
that the sum of the reciprocals of the members of S up to x is asymptotically
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loglog x) such that f(p) = o(1/p) for pe S—this is shown in [8]. Further, it is
shown there that if the Extended Riemann Hypothesis holds, then Y, f(p)
converges. ’

We close this section with the solution of another problem from P Erd6s
[3]. In (28) of this paper it is suggested that

f(m) <max Y 1+o(1) as n— oo,

m<n pim
p>2

To see that this is untrue, let x be large and let n be the least common multiple
of the integers up to x. Note that 2"—1 is of course divisible by every odd prime
p with p—1|n. Every odd prime p < x satisfies this condition. But from a result
of P. Erdds [1], there are absolute constants ¢ > 0, & > 0 such that for all
x large and all ¢ with ¢ < x!*¢, there are at least an(f) primes p < t with p—1|n.
Thus

st

x<p<xite D
pl2n-1

Hence

1 1
fm— Y -2 Y -»L
2¢psx P x< 2<xll+v p

p L

But by the prime number theorem;

1’ 1
Y —=max ) -+o(l),
2<p$xp m<n plm
p>2

thus éompleting our disproof of (28) in .[3].
Perhaps the following is true:

f)<max Y l+o(l).
m<n p—1ijm
p>2

3. Proofs of Theorems 1-4. First we introduce a notation and recall some
elementary properties of the sequence of Mersenne numbers.
~ For any odd positive integer m there are terms in the sequence 2"—1,
n=1,2,..., divisible by m. Denote by r(m) the rank of apparition of m in the
sequence; i.e., r(m) is a positive integer for which m|2"™—1 but mt2"—1 if
0<n<r(m). It is known that m|{2"—1 if and only if r(m)|n; furthermore
r()lp—1 for any odd prime p and r(m,m,) = [r(m,), r(m,)] for any odd
relatively prime integers m,, m, ([, ] denotes the least common multiple of
numbers).

For the proof of Theorem 1 we need an auxiliary result.
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LemMa 1. For any positive real number C and any positive integer m, there
is an integer n such that (m,n)=1 and f(n) > C.

Proof Let C >0 be a real number and let m be an integer. We can
choose primes p,, p,, ..., p, of the form 8km—1 such that

t1
Y —>C.
i=1 Di
For these primes
20i-12 = {(mod p;), i=1,2,...,¢,
since 2 is quadratic residue modulo p;, so that
pi—1

r(p)

Thus for the number pp,...p, the rank of apparition

ni=r(pp,...p) = [r(y), r(@). - - r(p,)]
satisfies (n, m) =1 and p;(2"—1) for i=1,2,..., ¢ Thus

follows and the lemma is proved.
From this lemma, Theorem 1 follows.

Proof of Theorem 1. By Lemma 1 we can construct integers no,
ny, ..., n, such that (n, n) =1 for any i #j and f(n) > C fori=0,1,
By the Chmese remainder theorem there are integers n, n+1, ..., n+s such
that n,|n+i for any i with 0 < i < sand by the properties of the sequence 2"—1,
mentloned above, we have

fn+i)= fn)>C, i=0,1,...,s5,
which proves the theorem.
. Proof of Theorem 2. Let k > 2. Let

a;(n) = exp((log;n)/(log; - 1 n)*)

and let A;(n) be the least common multiple of the integers up to a;(n). Let
By(n) = AkH(n) and let B;(n) be the largest divisor of Ay, -j(n) coprime to
Apsa-jm) for j=1,. k 1. Then

(i) By(n), . ,B,,_l(n) are pairwise coprime,

(ii) By(n)...Bi-1(n) < A,(n) = n°®,
the last following from the prime number theorem. Thus by the Chinese
remainder theorem, there are infinitely many integers n with

0 Bn)n+j forj=0,1,..., k—1.
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Suppose (1) holds for n. Then B,(n)|n, so that p—1|n for every prime
P < %4 4(n). Thus

1
(2 fm) = Z ~ = loglog o + ;1 (n)+ O(1)
2<p<ax+1(n)
= logk+2n—2.|0gk+3n+0(1).

Suppose (1) holds for n and 1 <j < k—1. Let §; be the set of primes
p such that

(1) p < o4 1-4(n),
(i) p = 7(mod 8),

(i) (P—1)/2, Axs2-;m) = 1.
Note that if a prime g|A4;.,—;(n), then

9 S %2 j(n) < (log o s - (M)D.

Since §; is the set of primes p satisfying (i), (i) such that (p—1)/2 is sifted out by
the primes up to o44,_;(n), it follows from A. Selberg’s sieve (see H.
Halberstam and H.-E. Richert [4], Theorem 7.1) and a moderately strong form
of the prime number theorem for arithmetic progressions that

Yi~in) ] (1_L>
pes; 2<q<ax+32-4n) q—1

uniformly for

exp((log ak+1—j(n))8) SIS W g-5(n)

for every &£ > 0. Thus

3 X £~%loglogak+1_j(n) I1 (1__1_)

peS; 2<gS€ax+2-4(n) q—l

5 loglog o 4 ; - ;(n) logi4;-;n
log @42 5(n) (logy+ 5 - jm)/(logy+ 3 ;n)?

But if peS; and (1) holds for n, then p|2"*/—1. Thus from (3),
f(n+)) > (logg 4 3-;n)* > (logy 1 ;1)

for j=1,..., k—1. Together with (2), this proves the theorem.
To prove Theorem 3 we first prove the following key lemma.

= (logy + 3-1")2-

Lemma 2. Uniformly for all x >3 and all natural numbers n,

1 1
Y <exp| - Y - .
X<pExe loglogx <g <logx
pl2n—-1 q4n

7 — Acta Arithmetica LVIL3
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Proof. Let
m= 1 q.
loglogx < g < (logx)1/?
q4n
Then
1 1 1
Q) Yy < Y -4y X -
x<p$x"p x<psxe p glm x<p<x¢ p
pl2n—1 (r—1m=1 p=1(modgq)

pl2n—1
By the sieve we have
1 1 1
(5) Y —<exp| =), -] <exp| — Y -).
x<p€x® glm q loglogx < g<logx
(p_lvm)ﬁl q*"'

Suppose q|m, p = 1(mod g) and p|2"—1. Since gtn, it follows that 2 is
a gth power mod p. Since g < (log x)/7, it follows from Theorems 1.3 and
14 of J. C. Lagarias and A. M. Odlyzko [7], that

1 1 1
© I e
x<p<x€ p x<p<x° p Q(q_ )
p=1(modq) p=1(modg)
p|2n—1 2 is gth power mod p

uniformly. Since

1 1 1
< £ expl — -1,
2 da—1) ioglog p< 2y )

the lemma follows from (4) and (5).
Proof of Theorem 3. Let

a=logsn, b= exp((logym**(log,n)*?)
and let
1

A=Y =~ forj=0,1

a<q<b{e

gin+j
No prime ¢ can divide both »n and n+1, so that

1
Ag+4,> Y - =loglogh—logloga+o(l).

a<q<ble
Thus
max{A,, 4,} > 3(loglog b—logloga)—1
for all large n. We shall now prove that if 4;=max{4,, A,}, then
fin+j) < (logsn)*>(logn)'".
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Without loss of generality, assume j = 0, that is, that
) A, = $(loglog b—loglog a)—1.
We have

. | 1 1
8) f(n)= z ~+ Y -+ Y =-=By+B,+B,, say.
pger D e”<p<logu D pziogn
pi2n—1 plan=-1 pl2n—1

We trivially have
B, < logb+0(1) = (log,n)*(log,n)*/> + 0(1)
and from the proof of the main theorem in P. Erdés [3] it follows that

©) B,= Y ‘oo

p>logn
plzn_

(without using the assumption (7)).
It remains to estimate B,. We have by Lemma 2 that

1 1

B< T Y te y ep(-y !

floghl€i<a e*'<p<es'*' P [logh]<i<a i<qg<et 4
pi2n—-1 qin

1
< Y exp(— Y —)Sa-exp(—Ao).
[logb)<i<a a< qq;n ble

By (7),
1/2
a-exp(—A,) <€ a(iz%) = (logzn)**(log,n)*/?

and so the theorem follows from (8) and the above estimates for B, B,, B,.
Before we prove Theorem 4, we need the following stronger, but
conditional analog to Lemma 2.

LEMMA 3. Suppose the Extended Riemann Hypothesis holds for the Dedekind
zeta functions for the fields K, for every prime p, where K, is the Galois closure
of Q2'*). Then uniformly for all x> 1 and all natural numbers n we have

1 ‘ 1
Y -< exp( - ¥ —).
oy S

Proof. As in the proof of Lemma 2, we have (4) for any integer m. Let
now
m= ] gq.

logx<g<x!/3
qain
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Then, as in (5), we have

1 1 1
(10) Y —<exp(—z ~> <exp<— Y —).
x<psxe qlm q logx<g<x q
(p—1m=1 ain

It further follows from the hypothesis of the lemma and (115) on p. 56 of
C. Hooley [5] that for each prime g|m, we have (6) uniformly. Thus

i 1 1 1
-< < < expl — -
4%,, <pzs p (%,,q(q—l) logx p< qu q)
p=1(modq)
pl2n—-1

and the lemma follows from this estimate, (4) and (10).
Proof of Theorem 4. Let k >2 and let

B; = exp((log;n)’)  for j=2,3,...

For me{n,n+1,..., n+k—1}, let
1
A;m) = Y ~, forj=0,1,..., k=2
awm 4.

logBr-j<qa<hy .-
Note that we trivially have for j=0,1, ..., k-2,
(11) A,(m) < loglog B+ 1 - j—logloglog B j—1+0(1)

= 2logy+2-jn—1—log3+o(l).
Further, if n is large and g > log B, divides one ofn,n+1,...,n+k—1,it does

not divide any other of those k numbers. Thusif S < {n,n+1,...,n+k— 1}, it
follows that

12) Y A,m) > (S|—1)(loglog i+ -;—logloglog fi—j—1+ o(1))

meS
= (IS|—1)(2logx+2-n—1—log3 +o(1)).
Let S, ={n,n+1,..., n+k—1}. We claim that if n is large, then for all
me§S,, but for at most one exception, we have
(13) Ao(m) > logysn—2.
For if there were two or more exceptions to (13), then from (1D,

Z AJ(m) < (k"2)(210gk+2n_ 1 "'10g 3)+210gk+2n—“4+0(1),

meSik
contradicting (12) for n large. Let m, be the exception to (13) if there is an
exception and otherwise let m, =n+k—1. Let S, = S,\{m,}. We similarly
get that

(14) A1(m)>1°gk+1"—2
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for all meS;_, but for at most one exception, so that we can construct
Si—2 < Sy—, of cardinality k—2 and where both (13) and (14) hold.
Continuing, we create a sequence (for large n)

S 2 8-12...08;
where S, has cardinality j and if m is the single element of S; we have
(15) Ajm)>logyy,-n—2 forj=0,1,..., k=2.
We now show that if (15) holds for me{n, n+1, ..., n+k—1}, we have
f(m) < 3log; . 2n+0(k)

which will establish the theorem. Without loss of generality, we will assume
that (15) holds for m = n.

We have
1 k
(16) fy= Y -=1% B,
p2n-1. P j=o
where
1 1 ] 1 .
By= Y -, B,= Y -, B;= Y -, forj=1,... k-1
pl2n—1 P pl2n-1 P pl2n—1 P
PEPr+1 p>82 Br+2-3<PSBr+1-j

We trivially have

1

Bo< Y -=loglogfiss+0(1) =3logi.2n+0(1)

PBr+t
and from (9) we have
B, = 0(1).
We now estimate each B; for j =1, ..., k—1. We have by Lemma 3 and (195),
B< L 3 i< 3 oef-3 )
i plzn-1 p i an 4

i i
S PR A Mo i da<en
e k+2-] e k+2-J

< ) exp(-—- Y 1)
i<loglogBuc+1-; an . q
mﬁk+l'1<q<ﬁk+2_j
< (loglog By + 1 - pexp(—A;-1(n) < (1ogy+2- m)(10ge+2-;m) 1 = 1.
Thus by (16), '
f(n) < 3log+,n+0(k),

which was to be proved.
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4. The proof of Theorem 5. In the proof of Theorem 5 we shall use two
more lemmas.

LeMMA 4. For any y > 3 we have
Y 1/p=loglogy+0(1).

pprime
rp)sy

Proof. Since r(p) < p—1 for any odd prime, we obtain a trivial lower
estimation

(17) Y 12 Y 1+0(1)=loglogy+0(1).

<y P p<y

On the other hand 2"—1 has at most n distinct prime factors so in the sum
there are at most y? primes and by the prime number theorem we get, for
y large,

(18) y ley

1
- = loglog y+0(1).
o<y P p<yp P

From (17) and (18) the lemma follows.

LEMMA 5. The sum

1
pp%:mc pr(p)

p>2

converges.

Proof. This follows from the papers of P. Erdos [2] and N. P. Romanoff
[9] where it is shown the larger sum

5 |

doaa d'7(d)

converges. However, Lemma 5 is completely trivial since 2"®—1 > p implies
r(p) > logp. It remains to note that

)

1
plogp

converges.

Proof of Theorem 5. Let x and z be sufficiently large positive integers
with z < x. (For z > x, the theorem follows easily from the case z < x.) By the
definitions of f(n) and r(p) we can write

x+tz

(19) Z f(n) = A(x)+ B(x),
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where
x+z 1 x+z 1
AX)=3 ¥ Y - and B(x)= DIED I Y=
n=x dln r(p)=dp n=x dln r(p)=d 4

First we deal with A(x). Since p|2"—1 if and only if r(p)n, by Lemmas
4 and 5 we have

@) 409= 3 (3+00) 5 !

d<z r(p)=d P

1 1
= 0 —_ = ,
z ) - )+ (ﬂ ) ) Coz+o0(2)

rp)<z p)<z
where ¢, is the infinite sum in Lemma 5.
In order to give an estimation for the sum B(x) we cut it into three parts. Let

x+z 1

Bi=% L X

din rp)=a P
z<d<(logx)*

Since every d with d > z occurs at most once in the sum, by Lemma 4 we get

(21) Bi(x)< Y Z 1= Y ——logloglogx+0(1)

d<(ogx)* r(p)=d P rp)<qlogx)s P
For the sum
x+z 1

B,(x) = Z Z Z —

n=x din rHp)=d 14
y d>z 2d3
d> (logx)4

note that there are at most d distinct primes with r(p) = d, so that

(22) B,x)< Y wi<aﬂi=mu

d> (logx)4 d3 d=1 d2
The most difficult part of this proof is to give an estimation for

x+z 1

23) Bx=3 Y ¥ -

n=x din rp) =3d 14

d>z p<d
d> (logx)4
Since p > r(p), we have
(24) By(x)< ) Z -
iz2

where the summation in Y’ is the same as in B3(x) but we only take primes
p for which

(logx)? < p < (log x)*'*".
Let Q denote the integer x(x+1)...(x+2). Fix some i > 2. If p is counted
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in Y, then
(25) (p—1, Q) = r(p) > p'* > (log x)*".
Let y be a real number such that
yp:=(logx)* <y < (logx)*"" =1y,
and let S(y) be the set of primes p < y for which (25) holds. By (25) it is clear that
(26) [Te-1,03> [] (-1, Q) = (logx)* 1O,

PSy peS(y)
We now proceed in a manner analogous to that in P. Frdds [3]. Note that
(where A is von Mangoldt’s function and =n(y, d, 1) is the number of primes
p <y with p = 1(mod d))

27 log [J]0—-1, Q=Y logp—1, 0= 2 40

psy pSsy psydi(p—1,0)
=Y Adr(y, d, 1) = S;+8,,
dlQ

say, where in §; we have d < y”* and in S, we have d > yH3,

For S, we use the Brun-Titchmarsh inequality to get

Ad) y  yloglogQ
S, < < }
! .ﬂzg p(d)logy logy

For S, we estimate n(y, d, 1) trivially as < y/d and use the fact that Q has at
most O(log Q) prime power divisors to get
A(d) _ylogylogQ  ylogQ ylogQ
> y< 23 ST 3 .
d y y'?logy  (logx)‘logy

S, <

y2/3<d<y
Putting these estimates in (26) and (27) we get

y [loglogQ logQ
2'log y\loglogx ~ (logx)?/"

IS < (8,+5,) <

2'loglog x
But z < x implies

logQ <zlogx, loglogQ < logz+loglogx,

so that
y logz z
28 S . 1 )
28) | (y)‘<2‘logy< +10glogx+logx>
By partial summation, we have
1 1 4 21
Y=< ¥ —=y2' IS+ 51S0dy
P pesy) nY

. 1
PRSTO. LI
loglogx logx
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where we use (28). Thus from (24) we have

(29)

log z z
Bi(x) <1 +l—___oglog . +1——og Z= o(z).
Since

B(x) = B;(x)+ B,(x)+ B, (),

by (21), (22) and (29)

B(x) < logloglog x +0(z),

so that by (19) and (20) we get

(1
(2]
(3]
[4]
(5]
[61
(1

(8]
9]

xff(n) = ¢oz+O(logloglog x)+0(2) = cyz +0(2).

B Lo 4
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